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. SUllMARY 
Much water for potable and process use is treated by coagulation 
and f1occu1ation. These process, sensitization and shear induced 
aggregation respectively, are used to facilitate the removal of 
fine suspended· solids and colour present in the raw water. It 
has been shown that the rate of flocculation brought about by the 
addition of aluminium sulphat9 (alum) depends on the manner of 
mixing, rapid mixing being advantageous. 
The present work was to see if the manner of mixing affected 
the amount of reagent required for effective flocculation. Five 
different mixing systems were used: 
(1) Conventional laboratory jar test 
(2) High turbulence in-line mixer 
(3) In-line mixer ('T' piece) 
(4) Continuous flow in a stirred tank 
(S) Continuous flow in an unstirred tank 
The tests were carried out using aluminium sulphate and 
polyaluminium chloride and the water was local mains water with 
kaolin and humic acid added to give turbidity and colour respectively. 
The results show that for both reagents the amount required 
to give effective treatment is independent of the mixing procedure 
used. Studies of the flocculation rate confirmed the previous 
findings that a highly turbulent in-line mixer gave the best results 
with alum but this was not found to be so for P.A.C. 
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The ~esults do show that the l~oratory jar test, using 
a short rapid premix followed by slow stirring to induce 
flocculation is a very well mixed system and may underestimate 
the amount of reagent required on a real plant. 
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CHAPTER ONE 
INTRODUCTION 
TURBIDITY AND COLOUR IN RAW WATER 
Permanent turbidity as found in surface waters results from the 
scattering of light by suspensions of fine particles of mineral and 
organic origin. Colour may be caused by coloured metal ions e.g. 
ferrous and manganous ions but in surface waters the main source:;of 
colour is the presence of complex organic compounds which may collect-
ively be referred to as humic and fulvic substances (1). Inorganic 
colour is conventionally treated by oxidation to an insoluble form 
which is then removed by sedimentation and filtration. Inorganic colour 
will not be further considered here. 
When colour and permanent turbidity are present most of the 
particles are not capable of' being removed by simple sedimentation or 
even filtration without some form of pretreatment because of the small 
-5 
size of the particles concerned, many of which are in the range 10 
-3 to 10 ~ diameter. These particles experience Brownian motion which 
in turn provides opportunities for inter-particle collisions and in the 
presence of a net attractive force between the particles these collisions 
would lead to particle aggregation. As however, we are considering water 
containing stable colour and turbidity, aggregation cannot be occuring 
and the theories of colloid stability tell us that there must be a 
replusive forces between the particles which prevent cohesive collisions. 
(These theories are discussed in chapter 2. section 2.3.). 
I 
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One of the main objectives in treating raw water is the 
removal of this colour and turbidity by coagulation/flocculation, 
sedimentation and filtration. Coagulation is the sensitization 
of particles to cohesion or collision and is brought about by the 
addition of coagulants. The means of adding these reagents is 
the subject of this thesis. 
Following impounding the treatment of water as practised 
in most treatment works consists of the,f.ollowing series of 
processes: 
1. Initial mixing of water with coagulating reagents 
during which dispersion, hydrolysis, polymerisation 
and destabilisation may occur, 
2. Flocculation - the build up of particle aggregates 
i.e. floes under conditions of controlled shear. 
3. Sedimentation and clarification 
4. Filtration 
5. Disinfection 
This is shown schematically in Fig. 1.1. The first process, 
initial mixing, involves the dispersion of coagulant throughout 
the water to be treated by application of vigrous mixing for a 
short time. Following the initial coagulation stage the water 
is further slowly stirred in the flocculation operation. This 
stirring brings about convective collisions between the 
de stabilised particles leading to the growth of floes. The time 
and intensity of this mixing have to be carefully controlled if 
Flocculated water 
raw water 
Sand filter 
pH and other chemical 
adjustment 
Reservoir 
(\ 
Disin~ec-8 
t~on 
Coagulant 
flash mixer 
11 11 11 11 
Flocculator 
Service Reservoir 
FIGURE 1.1 
Typical Water Treatment Process 
Treat 
Clarifier 
ed Water 
USE 
sli.idge 
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optimum flocculations is to occur. The mixing operation is 
considered in detail in Chapter 2. section 2.5. ). 
For the purification municipal water supplies, coagulated impurities 
are normally removed by gravitational sedimentation followed by 
depth filtration and it is necessary that the coagulation/ 
flocculation process give suitable floes for the separation 
techniques used. The overall efficiency of the treatment process 
depends on optimal. integration of the component stages. The 
efficiency of both sedimentation and filtration are governed by 
the compactness, size, density, shear strength and interfacial 
properties of the coagular or floes (2). 
The reagents almost universally used for the coagulation 
of raw water are hydrolysable salts of polyvalent metal ions. 
The action of these ions is complex and will be discussed in more 
detail in Chapter 2. section 2.4J. The basic processes are 
speedy and will occur within seconds (3, 4) of the addition of 
the coagulating reagent to the water. Because of this intense 
mixing is necessary at the point of chemical addition in order to 
ensure uniform chemical distribution and exposure of the fine 
particles in the water to the coagulating agent before the 
hydrolysis reactions are complete. Since the early part of this 
century many investigators (5, 6) have shown the significiance 
of this initial mixing step. Bachman (7) claimed that the aim in 
mixing the added chemicals was two-fold:-
- 5 -
1. To provide an even distribution of chemicals in 
the dispersion medium, thereby producing amore 
uniform reaction. 
2. That the mechanical energy of mixing adds to the 
energy of Borwnian diffusion of the primary colloidal 
particles and causes "orthokinetic" flocculation. 
This second objective is embodied in the work of Smoluchowski 
(8) concerAed with the velocity gradient theory of orthokinetic 
flocculation. Rapid mixing can be accompilished by apply turbulence 
to the combined streams and has been carried out in a variety of 
ways e.g., mechanicsl agitators, baffled basins, in line blenders, 
etc. (9, la, 11) Many existing water treatment plants have been 
designed and are operated without much regard to the very rapid 
mixing that recent research (Vrale and Jordan (12) ) have shown to 
be beneficial. In large scale plant this rapid mixing may be· 
difficult; to achieve because of the very large volume of water being 
processed. A rapid device should be simple relatively inexpensive 
and should not create appreciable head losses (13) or have a high 
power consumption. Although, there are numerous mentions made of 
the significance of rapid mixing in water treatment practice (14, 15) 
opinion varies as to what constitutes a good initial mixing process, 
like Ellms (16), Hopkins (17), felt that high velocities were 
necessary initially, but if continued gave "poor sedimentation" 
and increased load on the filters. On the other hand some other 
investigators indicated that the uniform application of the coagulant 
over that entire volume of water in the mixing conduct, by using 
- 6 -
a mainfold, was the most important factor and that intense mixing 
for a short time did not materially change the performance when 
compared with effective distribution at velocities of 0.15 - 0.45 ms-l • 
If the intense mixing period exceeded one to three minutes performance 
was adversely affected (18). This would seem to indicate that 
floc breakup was a possible by product of extended initial mixing 
and as such, place an appear limit on the duration and intensity 
of any rapid mixing step. 
Considerable research has been concerned with the subsequent 
slow-mix operation with respect to its effect on particle agggregation 
and subsequent turbidity removal by sedimentation. By contrast 
little is known about the relationships between rapid mix parameters 
and their influence on the effectiveness of subsequent turbidity 
removal processes and the purpose of this research to investigate 
some aspects of this with regard to the use',of'polyaluminium 
chloride as coagulants. When considering the effect of rapid 
mixing on flocculation and sedimentation it is possible to consider 
both the effect on the efficacy of the separation operation and 
the effect amount of reagent required to achieved effective 
separation. There are two important consequences of the reduction 
of the amount of coagulant used. The most obvious is the reduction 
in cost but another very important factor is a reduction in the 
amount of sludge that has to be disposed of. ,In large treatment 
works in major contributions sludge disposal may be a major 
problem. 
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The present work.is considered with both the efficacy of 
separation and the quantity of reagent but mainly with the latter.-
- Hence the objectives of the study are to:-
1. Establish, demonstrate, and if possible, explain the 
~ignificance of the initial mixing step with minimum 
amount of caogulant required to achieve turbidity and 
colour removal during subsequent flocculation and 
settling, using Alum and Polyaiuminium chloride as 
coagulants. 
2. Compare the results obtained from different in line 
mixing devices with the conventional laboratory jar 
test. 
The investigations were carried out using laboratory and 
pilot plant scale reactors. 
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CHAPTER TWO 
CLARIFICATION OF RAW WATER BY COAGULATION AND FLOCCULATION 
2.1. Introduction 
The removal of particulate impurities in water and waste water 
treatment is accomplished in two steps. The first of these is deposition 
of coarSe particles by sedimentation followed by the second, clarification 
by filtration. However, because many of the impurities are too" small 
for gravitational settling alone to be effective as a removal process, 
the aggregation of the particles into large, more readily settleable 
flocs is essential for successful separation by sedimentation. 
process of aggregation is termed coagulation (19). 
2.2. Coagulation Definition 
This 
. 
The words coagulation and flocculation have been used interchangeably. 
in colloid chemistry to describe the aggregation process. LaMer (20) 
proposed that the aggregation produced by salts be called coagulation, 
and that produced by polymers flocculation. In civil and municipal 
engineering a different convention exists. Coagulation is seen as 
the chemical distabilising process brought about by addition of some 
reagent to the colloidal system which makes it possible for the particles 
to cohere and form flocs, whilst flocculation is the hydrodynamic process 
in which these collisions are brought about. This convention is 
convenient in watertreatment plant where coagulation and flocculation 
commonly occurs in separate vessels. 
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2.3. Distabilisation of Suspension 
In colloid science, the term stability describes the ability 
of individual particles to remain as separate entit'ies or in other 
words, to maintain a dispersed state whereas in an unstable system 
the colloids cohere to form aggregates that may in time become large 
enough to sediment (21). 
It '.is generally agreed that coulombic forces are largely 
responsible for the stability of colloidal particles. The electrostatic 
charge responsible for these mutually repulsive forces is discussed 
in detail later (section,2.3.2.). 
2.3.l.Properties of a Stable Colloid 
It is common for small and cOlloidal particles in natural waters 
to posess electric charges because they may move in an electric field. 
The vast majority of organic particles .are negatively charged. Counter 
ions from solution are attracted to the solid surfaces and form ionic 
layers about each particle. 
According to Stern's ( 22 ) model, the surrounding ionic 
layer can be divided into two parts on inner, closely attracted Stern 
layer and on outer diffuse or Gouy layer. Double layer theory (23, 24) 
enables the electrical potential distribution from the substance to 
be calculated and from this particle interaction. Fig. 2.1. shows 
how the resultant of the double layer coulombic repulsion and the 
dispersion attraction determine whether a stable and unstalbe situation 
exists. The existence the double layer is due to the surface potential 
Solid. --, y 
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and O'Melia 25 ) has discussed the different origins of this 
surface potential as: 
(a) a particle charge may result from an imprefection within 
the crystal lattic of the particle. In a process called 
isomorphic replacement, on cation of lower valance may 
replace one of higher valance resulting in a net charge 
within the solid. A typical example of this is the 
.4+ 3+ 
replacement of s~ .by Al ions in the layer structure 
of a clay mineral, resulting a net negative charge on the 
practice. 
(b) many natural colloids contain surface groups, i.e. amino, 
carboxyl,.hydroxyl which are capable of ionization. The 
ionised form of these groups will depend on the nature 
of the group and the composition of the solution, and in 
many cases may give rise to either a negative or a positive 
net charge on the particle. Many particles which are prot-
einaceous in nature such as bacteria and plant fibres 
contain groups of this type. 
(c) the preferential adsorption of ions from solution may result 
in the built-up of a charge from these addsorbed ions. 
The dependence of this adsorption equilibrium on solution 
conditions may result in a charge in sign of charge under 
certain conditions. 
The mechanism of coagUlation is therefore to over come the 
columbic forces of repulsion between the particles. 
- 12 -
The following discussion considers how a dispersion may be 
distabilised. 
It is convenient to classify distabi1isation mechanisms as: 
(a) compression of the electrical double layer by indifferent 
ions .. 
(b) charge neutralization by specific ion adsorption. 
- . (c): enmeshement of particles in a precipitate, 
(d) formation of bridges by adsorbed polymeric materials. 
In many situation more than one of these mechanisms may occur 
simultaneously or concurrently, depending upon the type of coagulant 
and the condition under which it is used. Therefore, it is conveninet 
to discuss them individually. 
2.3.2. Double Layer Compression 
The distabi1izing action of -neutral salts may be explained in 
terms of electrical double layer theory: various authors (26, 27, 28) 
have shown the potential energy/distance relationship, lj! (r) depends 
on the magnitude of the stern potential (see fig. 2.1. approximated 
to the zeta potential for practical considerations). The double 
layer theory shows how the concentration of counter ions, i.e., 
those opposite in charge to the surface potential, in the double 
layer and their effect on \jJ (r) depends on their concentrations in 
the bulk and the magnitude of their charge Fig. 2.2, and 2.3, shows 
this dependence. 
- 13 -
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The effect on the double layer of increasing concentration and 
charge is known as compression, i.e., the charge is concentrated closer 
to the particle surface, hence, lowering the stern potential. Fig. 2.4, 2.5. 
shows how many zeta potential data of the potential energy curves 
depend on the charge and concentration. These calculations were made 
using the electrolytes. Electrolytes which act ',in this limited manner 
,~ 
are sometimes termed "indifferent electrolytes", because their effect 
is due to their concent:ration and charge and almost independent of 
'. 
the actual species being considered. Because their effect is due to 
their bulk concentration it would also, if compression were the sole 
mechanism, be almost independent of the particle concentration. 
Coagulants in antural systems and in water and waste water 
treatment are generally'not entirely "indifferent electrolytes" but 
can induce effects other than double layer compression. Furthermore 
many suspended colloids are stabilized by hydration and absorbed 
layer effects in addition to charge effects (29). 
At high ionic concentrations, particularly with highly charged 
counter ions, restabilization may occur and corresponding zeta potential 
measurements show a reversal of charge Fig. 2.6. This cannot be 
explained by double layer theory because it requires that the double 
layer contain more charge than is present on the surface and this is 
not electrostatically. The 'accepted explanation for this observation 
30 ) is that the charge is bouned to the surface by some adsorption 
mechanism. This is considered in sec. 2.3.3. 
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2.3.3. Effects Due to Adsorbed Layers 
Situations may occur when ions or non charged species adsorb 
to a surface by mechanisms other than simple coulombic attraction. 
Examples of this are hydrated ions and organic polymers where a 
hydrogen bonding mechanism may exist. When the adsorbing species 
are ions, charge neutralisation as reversal may exist. The effect is 
shown in Fig. 2'.7. where it can be seen that coagulation occurs 
at a definite concentration, excess re;'gent leading to restabilization 
(or pepitisation) such a system would be expected to give a zeta 
'potential/coagulant concentration plot like Fig. 2.8. The cross 
over pOint, the point of zero charge (PZC) being where the double 
layer ions balance the surface charge and the point corresponing to 
the distabilisation concentration shown in Fig. 2.9.· 
Other effects may occur which adsorbed layers. If the adsorbate 
is uncharged there will be no charge neturalisation but the effective 
electrical potential for the repulsive contribution may be reduced 
as much as the double layer will be embeaded in the adsorbal layer, 
i.e., the slipping plane has moved out reducing stability. Adsorbed 
layer may however enhance the stability by 'shielding' the attractive 
Van der Waals force (Vold Effect) and by other mechanisms that have 
been discussed by Napper ( 31 ) . 
Adsorption is a complicated phenomenon, depending upon adsorbate 
adsobent, adsorbent- adsorbent, adsobate - solvent, and adsobent -
solvent, interactions. When charge molecules such as polyelectrolytes 
are adsorbed it may be necessary to compress the double layer by 
indifferent ions in order to permit a polymer molecule to approach 
a surface of like charge. 
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2.3.4. Adsorption of Polymers and Briding Flocculations 
The adsorption of high molecular weight polymers may decrease 
colloid stability by several mechanisms, and these effects may 
collectively be called "senstization". 
These mechanisms may include the displacement of solvent groups 
from the surface and effects on double layer phenomenon by adsorption 
of charged polymeric species. One of the most important sensitiznng 
process due to polymer adsorption is the Bridging mechanism first 
proposed by Ruehrwein and Ward (32) and extensively developed by Smellie 
and !.a}1er· ( 33 ) and later workers. 
The bridging theory postiulates that the sensitized particles 
are bound together by having polymer chains adsorbed on to more than 
one particle, i.e., the formation of polymer bridge. Fig. 2.10. 
shows particles flocculated by polymer briding. 
The polymer may be held to the particle surface by one or more 
of many mechanisms including hydrogen bonding, charge effects, 
hydrophopic interactions, specific adsorption, etc. 
For bridging coagulation to occur the following steps are 
necessary and depending on condition of anyone or more of them may 
determining the coagulation rate (34). 
(a) Mixing of polymer molecules among the particle (Dispersion) 
(b) Diffusion of polymer to the particle surface. 
(c) Adsorption of polymer at the particle surface. 
(d) Collisions between coated particles which may result in 
the formation of final flocs. 
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FIGURE 2. 10. 
Particles Flocculated by Polymer Bridging 
(with courtesy of Dr. Akers) ( 34 
FIGURE 2.11. 
Stages in the Bridging Mechanism of Destabilization 
with Polyelectrolytes: (i) Dispersions, 
(ii) Adsorption 
(iii) Compression or settling down 
(iv) collision 
(with courtesty of Dr. Akers) ( 35 
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Each of these stages is schematically represented in Fig. 2.11. 
If effective initial mixing is attained and with care this may be 
approached in practice, the rates of steps b, c and d, d~termine 
the overall coagulation rate. If initial mixing is inefficient 
the coagulation reaction is likely to be inefffective and may not 
proceed the desired extent. 
2.j;S. The Kinetic of Bridging Coagulation 
The rate of adsorption of polymeric molecules on to colliodal 
particles may have significant influence on the coagulation rate. 
Assuming a situation of having NI and N2 as the number of particles 
and polymer molecules respectively per unit volume, and that each 
collisional contact leads to attachment, based on the Smoluchowski's 
theory ( 
~2 
dt 
36 ), the rate of adsorption can be written as: 
= . • . . . . . . • . . . . . . . . • . • . .. 2.1. 
where, KA = is the collision rate constant for NI ,and N2 • 
If for example a dispension of 1 ~m particles at a concentration 
of 100 mg/L is considered, the particles having a specific gravity 
of 2.5., the number of particle 'concentration could be calculated, 
13 -3 
and it is equal to: NI = 7.64 x 10 particles m 
- -- ------~------------------------------------------------------
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-2 If the polymer adsorbes at 2 mgm area is used as 1/2 saturation 
Surface area of particles is 240 m2 
3 Hence, have 240 mg polymer per m • 
6 Considered a pclymer of 10 molecular weight. 
Therefore, the number of molecule of pclymer is: 
= 
= 
x A 
v 
gm 
mol 
23 -1 
x 6.023 x 10 gm mol 
1.446 x 1017 molecules m-3 
If the collision radius may be taken as the radius of the growing 
floc. The diffusion coefficient of a spherical floc may be caleulated 
using the Stokes Einstein ( 37 ) expression 
D = KT 2.2 
6 1Tr)J 
for a particle of 1 )Jm diameter, in water at 2SoC gives: 
-1 
s 
The diffusion coefficients of the polymer species are not 
actually known but a general equation of the diffusion coefficient 
of polymer is:-
D = KM -a 2.3. 
And for a pclymer used the derivations Schotlen ( 38 ) has given: 
K = 8.46 x 10-8 
a == 0.69 
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6 The polymer considered has a molecular weight of 10 therefore, the 
diffusion coefficient may be calculated as: 
D = f 
-12 2 -1 6.13 x 10 m sec 
The time for the adsorption for half of the polymer is, from equation: 
1 
T" = . . • •• 2.4. 
1 
= 
.758 hours 
which in practical terms is a very long time 
2.3.6. Bridging Theory 
A paper by Stumm and O'Melia (39) cited the following character-
istics of a bridging type of coagulation: 
(a) Polymer concentration: 
- i-optimum destabilization occurs when only half the 
available solids are covered (i.e., when the fractional 
coverage f = 0.5 then the term f (I-f) is maximal). 
- ii - At higher than optimum dosage, restabilization may 
occur due to over saturation of the available. 
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- iii - If other conditions are constant, the optimum - dosage 
is proportional to the solid surface area over a great range 
of polymer concentration. At very low solid concentration 
the coagulation. efficiency drops off, possibly due to 
area conformation effects occuring because of the long time 
intervals between collisions as discussed in section 2.3.4. 
above. 
- iv - At opimum distabilization practically all of the 
. .... 
added polymer is adsorbed. 
- v - The flocculation rate decreases as the solid concentration 
increased - (see sec. 2.3.4) 
(b) Effect of Mixing: 
In practical system mixing is necesssary to insure a rapid dis-
persion and therefore to increase the effectiveness of coagula-· 
tion. However, extended agitation may lead to restabilization 
by breaking of polymer - surface bonds and folding back of the 
extended segments, on the surface. Poor coagulation and higher 
shear rates would lead to mechanical disruption of flocs. 
Under the circumstances usually existing in water treatment 
practice with natural waters and dilute clay concentrations, 
the bridging mechanism is not the major one operative. Instead, 
entrapment of clay particles within the hydradyzed metal floc 
is the principle mechanism of coagulation. 
- 25 -
2.3.7. Enmeshment of Particles in a Precipitate 
When a metal salt A12(S04) 3' Fec13 , or a metal oxide as in the 
case of lime, is used as a coagulant in concentrations sufficiently 
high to cause rapid precipitation of a metal hydroxide (i.e. AL '(OH)3' 
or metal carbonate (i.e. Ca C03 (s)), colloidal particles can be 
enmeshed in these precipitates as they are formed ( 40 ). 
Stumm and Morgan 41 ) have estimated that the rapid formation 
of precipitates occurs when the solution is over saturated by two orders 
of magnitude. For the reaction 
AL (OH) 3 (s)' -33 = 10 2.5 
The extent of oversaturation is given by the ratio 
<, 
which must be approximately 100 or greater. At pH = 6.5, the concentration 
of alum to produce an extent of over saturation of 100 is 0.001 mg/L 
Thus a minimum alum doses under normal 
water.treatment practice ( la mg/L) are considerably over saturated, 
4 nearly la times beyond the OVer saturation needed for rapid precipitation. 
The subsequent settling of theis precipitate removes these colloidal 
particles from the suspension. (zone 4 Fig.,2.l2). Coagulation occuring 
in this zone is sometimes referred to as "sweep coagulation" since 
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d~stabilization is not significant; the floc is then referred to as 
"sweep floc". It is clear that coagulation under these conditions 
(zone 4. Fig2.13) is no longer stoichiometric ( 39 ). The critical 
super-saturation necessary for rapid precipitation could in fact 
decrease with increasing surface concentration. It is result in lower 
optimum coagulant dosage reagent with higher colloidal concentration. 
Fig. 2.14,is a schematic curve of residual turbidity as a 
function of coagulant dosage at a constant pH of about 7 for a natural 
turbid water destabilized by a metal salt and then flocculated and 
settled. 
Four regions are of interest: 
First: the addition of sufficient coagulant will form to bring 
about indifferent electrolyte distabilization by.compression 
of the double layer. The critical flocculation concentration 
is shown by point (1). 
Second: a region of optimum coagulation represented in point (2). 
Third: a region of over dosing occurs at a'. higher coagulant 
concentrations which leads to a decrease in turbidity removal 
as illustrated by point (3). 
Fourth: at, still higher concentrations there is again turbidity 
removal. In a sufficient degree of .ovet saturation occrs to 
produce rapid precipitation sweep coagUlation will occur as 
shown at point (4). 
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2.4. Aqueous Chemistry of Metal Salts 
Let us consider Alum Al2 (S04}3' When this salt is added to 
water it dissolved readily. The suI fate ions disperse throughtout 
the liquid simply as S04-2 The aluminium ions however, are strongly 
3+ 
hydrated in aqueous solution and can be represented as AL (H20}6 ' 
which a metal ion Al 3+, is surrounded by six co-ordinated water 
molecules in an octohadral configuration. 
, . 
The high positive charge on the central metal ion causes some 
polarization of the O-H bonds and there is a tendency for protons to 
dissociate giving one or more hydroxylated species, thus; 
(OH) 2+ + 2.6 
Hence, polarization of metal ions will be discussed later in section 
2.4.1. 
Depending on the pH of the solution and the various equilibrium 
constants, further dissociation steps are possible: 
AL 3+ + H2O = AL 
(OH) 2+ + H+ 
- I -
AL3+ + 2H20 =AL (OH) 2 
+ + 2H+ 
- 2 -
7AL3+ 17H20 = AL7 (OH) 17 
4+ + 17H+ 
- 3 -+ 
AL3+ + 3H20= AL (OH}3(s) + 3H+ - 4 -
AL3+ + 4H20= AL (OH) 4 + 4H+ - 5 -
- 30 -
3+ 
. Because of the reactions "Simple" unhydrolyzed ions such as Al are 
only found in aqueous solution at rather loW pH values. As the pH 
is progressively increased the equilibrium are driven further to 
the right until the unchanged Al (OH) 3 is produced (Reaction 4) • 
This .is usually insoluable in water and a precipitate such as the 
gelatineous may be formed. At still higher pH values precipitate 
may redissolve, because of the formation of the negatively charged 
Al (OH) -4 ions (42)(Equilibrium composition of solution in contact with 
freshly precipitated AL (OH) 3 is shown in Fig. 2·.15). 
2.4.1. Polymerization of Aluminium (Ill) 
Several authors ~9,30,43) have explained the transformation of 
hydroysis porducts into polymeric species by the process of Olation 
and OXolation. 
I - in the olation step hydrated metal ions are attracted to 
groups attact to other hydrated metal ions. This can be 
illustrated by considering the dimertzation (simple example 
of polymerization) of metal ion such as the following: 
OH, 
" ' ... 
" , Al Al 
, -, / 
4+ 
(H20) 5 ]. ••• 2.8. 
'OH~ 
The dotted lines indicate the attractive forces existing between an 
aluminum ion and the hydroxyl of another aluminum ion. 
~~~----~~~~~----
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FIGURE 2.15 
Solubility diagram for Al (Ill) in water 
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2. In the oxolation step protons are transferred to solvent 
water molecules and metal - oxygen - metal bonds are formed to 
give the following dimeric: 
2+ 
2.9. 
Larger inorganic polymers, such as commonly postulated 
[AIa (OH) 20 (H 20) 29 J 4+ 
could be formed similarly. There polymers may then further react 
to form inter-particle bridges in a manner similar to polyelectrolytes. 
3.4.2. Mechanisms of Aluminum «Ill) Coagulation 
The addition of a coagulant such as Ai (Ill) on aqueous solution 
could lead to a distabilize colloidal particle as follows: 
a) At low pH and low concentrations less than the solub,ility 
limit of the metal hydroxide, a free aquo - metal ions may be 
found. coagulation by these ions acting as indifferent counter 
ions. (Electrostatic mechanism may operate if this condition 
exists). 
b) coagulation by specific adsorption of hydrolysis products. 
Under favourable solution conditions (pH, metal ion concentration, 
temperature) many multi nuclea hydrolysis products can be found 
(such as R
3
), actuallly these are not true equilibrium species, 
but kinetic intermediates which are unstable with respect to the 
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solid hydroxides. In fact they show strong specific adsorption, 
which are extremely effective flocculants and can cause charge 
reversal and restabilization. Because of the strong adsorption 
of these species on most surfaces, the nature of the colloidal 
particles does not marketly affect flocculation behaviour. 
'c) "Sweep" Coagulation by Precipitated l\I. (OH) 3 
Under certain circumstances, metal salts can be effective due 
to adsorption of their soluble hydrolysis products and cause 
a reduction in particle charge (as in section b, above). 
However, in many cases a more important effect is the formation 
of a hydroxide precipitate (see reaction 4), initially as a 
fine colloidal dispersion. These particles then aggregate 
to form hydroxide flocs which enmesh the colloidal particles 
originally present in the water (this is often called 
sweep coagulation). 
The extent to which these possibilities occur depends on the 
concentration of aluminum salt, the (final) pH values of the solution 
and the particle concentration. Because of the possible competition 
between adsorption complex formation and precipitation by hydrolYZing metal 
ions, kinetic consideration may be espeically important, for example 
the significance of initial - mixing stage in coagulant addition. 
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2.5. Effect of Rapid - Mixing on the Mechanisms of Alum 
It is necessary in this stage to analyse the kinetics of the 
coalgulation reactions. The coalgulation reactions are an 
interaction between the hydrolysis products of Al (III) and a 
colloidal suspensions. The type of rapid-mix unit that is provided 
for the coagulation reactions might be dependent on the rate of 
these reactions ( 44). In recent times some attempts have been 
made by Hahn and stumm ( 42 ) and (44 
of these reactions. 
to establish the rate"" 
Fig. 2.16 summarizes in schematic form the predominant mechansims 
in coagulation after reference ( 9). Coagulation in water treatment 
with aluminum salts occurs predominately by two mechanisms. (this is 
discussed previously in section 2.4.2). The reactions that preceed 
coagulation by adsorption distabilization are extremely fast and 
occur within micro seconds if no Al (III) hydrolysis polymer species 
are formed and within 1 s if polymers are formed (19, 42, 44). The 
formation of. the aluminum - hydroxide precipitate before sweep 
coagulation is slower and occurs in the range of 1 to 7 s (45 ) 
The difference between the rates of these reactions and the two 
modes of coagulation in terms of rapid mixing is not delineated in 
this literature. 
CHEMICAL STREAM 
1 sec) 
Fast-slow 
(1-7 secs) 
AL (OH~3(S) + ------- + H+ 
ALUl4 SOLUTIO~ 
NATER STREAM (COLLOID):~E~,: 
·SOLUBLE HYDROLYSIS SPECIS 
(LON ALUM DOSE) 
AL(OH) 3 
very fast 
10-4 
HIGH TURBIDITY Colloid 
(HIGH ALUM DOSE) 
TURBIDITY 
8 AL(OH) AL(O 
FLOC 
SWEEP COAGULATION 
ADSORPTION - DESTALIBIZATION 
FIGURE 2.16 
Reaction Schematic of Coagulation after 9 
W 
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2.6. Rapid - Mixing Operation 
The major consideration in rapid mixing has been over uniform 
dispersion of the coagulant with the raw water in order to avoid 
over - and under treatment of the water. 
An analysis of the two modes of destabilization implies that 
for adsorption - distabilization, it is imperative that the coagulants 
be dispersed in the raw water stream as rapidly as possible (in less 
than 0.1 s) so that the hydrolysis products that develop in 0.01 
to Is will be adsorbed. and fience cause destabilization of the colloid 
Based on this theoretical analysis, Hudson and Wolfner (46) 
recommended instantaneous in-line blenders for rapid mixing. (Rapid 
mixing units are further discussed in section 2.9.). 
If a careful analysis of sweep coagulation is made, wherein 
the hydroxide formation is in the range of 1 to 7 s, it is evident 
that extremely short dispersion times and high intensities of mixing 
are not important as in adsorption - de.stabilization. However, 
there is no reported study making this distictionclear for the time 
and inensity of rapid mixing for the different mode of coagulation. 
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2.7. Application of Residence time in Design of Rapid - Mix Units 
Particle sensitization or coagulation takes place during rapid -
mixing. The convention is for designers to size rapid-mix units for 
residence times in the range of 30 sec. to 5 min., practice being to 
reduce this time to a minimum. 
Reddick ( 47) illustrated the speed of reaction of alum 
added to water. He determined the floc particle sizes for various 
periods to time after addition of alum down to the range of a seconds 
as shown in Fig. 2.17.,·and by extrapolation concluded that reaction 
time of coagulation was about .0001 sec. 
Moffett ( 48 ) considered that coagulation was virtually 
complete within less than a second. Some workers (12, 46), suggest 
the need for instantaneous blender mixing (less than one second) 
basing their arguements on Chemical theories of adsorption - distabili-
zation, whilst others (15, 45) recommended detention times of several 
minutes for rapid miXing in order to promote best - floc characteristics 
for subsequent flocculation and settling. In the United states of 
America some States ( 49 require a maximum of 3O-sec rapid-mix 
but, this does not meet either the need for the adsorption - distabili-
zation reactions or the extended time for sweep coagulation. 
Amirtharajah ( 50 has dealt· with these considerations in a recent 
article and recommends that the rapid-mix device be a high intensity 
blender or a back - mix reactor, depending on the major mode of 
coagulation. 
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of alum. 
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Dentetion time and intensity of rapid mixing provided by 
different authors were shown. 
- -1 Time-sec. G-sec. 
(13) 
Water Treatment Plant Design 1969 10-30 100-900 
(15) 
Camp's studies 1968 .120-150 700-1000 
(45) 
Letterman et al 1973 150 1000 
2.8. Equations for Design of Rapid - Mix Units 
Until a more detailed understanding of rapid mixing is possible 
the: mean velocity gradient G, will continue to be used as the only 
available means for designing the hardware of a rapid mix unit. 
The mean velocity gradient for laminar flow are calculated 
from the equation given by Camp and Stein ( 51 
G = 
p 2.10 
v j.I 
where G is the mean velocity gradient, 
P is the power input to the fluid 
is the viscosity of the fluid 
v is the volume of the fluid 
For turbulent mixing conditions, Ruehton ( 52) developed 
the following mathematical relationship. for the power requirements. 
P 
K 
g p 
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2.11 
in which, K = constant which normally ranges is value from 1.0 
for a three bladed propeller to 6.30 for a turbine with six flat 
blades, 
p = density of fluid 
N = revolution/sec. 
D = diameter of impeller 
• Combining equation 2.10 and 2.11 together, it can be seen that 
G "<.N 3/2 2.12 
Combining the velocity gradient G, and the mean detention time t, 
the following may be obtained: 
G t = (PV\.I Q 
where Q = is the flow rate 
G t =is known as the Camp number 
The normal design range for G t is 104 - 105 
2.13 
An empirical relationship for optimizing the rapid mix operation 
has been suggested by Letterman et al ( 45 as: 
G T cl •46 = 5.9 x 106 
opt 
in which 
T
opt 
C 
= optimum rapid mix' period in sec. 
= concentration of alum dose in mg/L 
2.14 
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It should be noted that equation 2.14. was developed for alum coagulation 
of turbidity produced by activated carbon. Although, this equation 
has not been tested under many different condition, it does provide 
the first step towards optimum design of rapid-mix units. 
Letterman (45) suggested that beyond a certain optimum rapid 
mix time, a determine tal effect on flocculation efficiency may result. 
Therefore, for a particular water and type of coagUlant applied, 
the optimum retention time during rapid mixing is dependent on the 
velocity gradient and coagulant dosage applied. 
'2.9. Rapid - Mixing Systems 
In general the most rapid mixers are the Ileir'or the Parshall 
Flume in which the basic turbulence is used as a mixing means. 
These devices normally have a loss of head 10 to 30 cm. Turbulence 
in the form of standing rollers occupies a space with an estimated 
residence time of 2 sec. the velocity gradient in such a chamber is 
-1 
about 800 sec Alternative design of rapid mixer are: 
2.9.1. Mechancial Mixer 
The types of rapid mixers most commonly used in practice are 
represented schematically in Fig. 2.18. Such mixers are given the 
general name back - mix reactors and usually are designed to provide 
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a. Mechanical Mixer 
b. Mechanical Mixer 
ffi-
t 
c 
c. In-line Blender 
FIGURE 2.18 
Representative types of mechanical 
agitation devices used for rapid 
mixing (from Vrale and Jorden (12) 
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a 10 to 60 sec. retention time with a root square velocity gradient. 
- -1 G, of the order of 300 sec. (53). It is effective, since it has 
a little head loss and uneffected by flow variation. The mechanial 
mixers are also most amenable to variation in operation by changing 
the rotation speed. Thus, it can be easily operated for lower G 
values, which is especially important for addition of polye1ectrolytes 
and variation in raw water quality. However, back-mix reactors have 
not used extensively (54). for coagulation addition, due to the poor 
results often attained. The basic characteristics of back-mix device 
is that the particles within them have a distribution of residence 
time which causes short circuiting. Fig. 2.19, shows a typical 
installation using a single impeller. The shear gradients applied 
may be adjusted to provide for varying flow rates by varying the speed 
of rotation of the impeller. Since velocity gradients produced by 
such equipment depend very much on the type of impeller design, it 
is advised to carry out using data supplied or let to the manufacture. 
2.9.2. Baffled Mixing Chambers 
Baffled mixing chambers with over - and under baffles or around 
the end baffles, usually designed with a channel velocity of from 
-1 -1 0.1 m sec. to 0.3 m sec. The value of the dissipation function 
P may be computed from the discharge and head loss as follows:-
P 2.15 
FIGURE 2.19. 
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Typical Back - Mix Type Rapid Mixing Installation 
(Inful. Company Vorti :·1ixer, Courtesy westinghouse 
Electric Corporation) 
c c 
I . I 
Batflld 
FIGURE 2.20: Baffled Mixer C designated the point 
of chemical injection. ( 13 ) 
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where Q ~ is the dischage 
p ~ is the fluid density 
g ~ is the gravity acceleration constant 
hf is the head loss by friction 
from equation 2.10 the mean velocity gradient is equal 
G 
p 
V 11 
where V ~ is the volume of the fluid in the reactor 
11 is the viscosity of the fluid 
By substituting equation 2.15 in equation 2.10, yields, 
G ~ 
where V ~ is the kinematic viscosity of the fluid 
to: 
T ~ is the mean detention time of the fluid in the reactor 
Fig. 2.20 shows an e.g. for baffled mixing chamber. Baffled mixing 
chambers without mechanical agitation are not well suited to rapid 
mixing, because they have excellent plug flow and poor mixed flow 
characteristics (10). 
2.9.3. In-line Blenders 
The rapid rate of the adsorption - distabilization reactions 
is a rational choice for instantaneous rapid-mix using in-line blenders. 
Hudson and Wolfner (46), suggested a rapid mixing devices of which 
'. 
a typical example was a 24 - in unit applying 10 hp to a flow of 
3 
20 m d (mgd) producing mixing in a fraction of a second. 
The value of G developed in this device was in the range 
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of 300 to 5000 -1 sec. In a recent review Hudson ( 10) suggests using 
in-line blender with residence time of 0.5 sec. and applied power of 0.5 
per mgd of flow with head loss in the manufactured units range from 
0.3 to 1 m 
Kawamara (55) favours the use of in-line blenders for the reasons: 
1. They provide good instantaneous mixing with little shor.t -
circuiting. 
2. There is no need for flow loss computations. 
3. The cost can be reduced by ommitting a conventional rapid -
mix facility. 
Fig. 2.21 shows some manufactured units. 
2.9.4. Diffuserts and Injection Devices 
In a recent study by Tenquist and Kaufman ( 56 used 
a rectangular grid of diffusers consisting of a series of tubes 
with orifices to develop the turbulence for mixing in downstream 
wakes~ The coagulants were fed through the orifice. This study 
indicated that the diffusers system was superior to mechanically 
flash mixers. A minimum orifice density of 1/in2 was. necessary for 
significant improvement in mixing. Vrale and Jorden ( 12 ) also 
showed that a turbular orifice reactor provided superior in performance 
to the back-mix reactor. The reactor functioned with low head loss 
-1 
at an approximate G value of 1000 sec. 
·of diffusers - injection mixers. 
Fig. 2.22 shows schematics 
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Schematic represe,ntations of In-line Blenders. 
Upper Unit - Walker Process Equipment Company. 
Lower Unit - Philadelphia Gear Company. 
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Kawamura ( 57 ) describes the design of an injection 
nozzle - type flask mixing unit. Design criteria suggested: 
l. 
2. 
3. 
4. 
-1 G - 750 to 1000 sec. 
dilution ratio at maximum alum dosage ~ 100 - 1 
velocity at injection nozzles ~ 6 to 7.6 m/sec. 
mixing time ~ 1 sec. 
The system shown on Fig. 2.23 was designed for 3.6 m3/s plant. 
This particular system enables either raw water or seeded water 
to be used in the chemical injection system. In addition, a valve 
on the chemical injection pump discharge line enabled flexibility 
in adjusting the discharge rate to changing raw water conditions 
or coagulants. Dimensions and calculation procedures are given by 
57 ) • 
Typical units used in pilot-scale laboratory studies, have 
considered in section 2.9. These mixing devices have significant 
theoretical ad~antages that merit their use in practice. However, 
their utilization and effectiveness in plant-scale use has still to 
be demonstrated. Possible disadvantages that may be limiting for 
practical use are clogging of the orifices and inflexibility in 
operation since the turbulence cannot be varied. 
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Typical Flash Mixing - Injection type 
used by Kawamura 57 ) . 
- 51 -
CHAPTER THREE 
EXPERIMENTAL PROCEDURES, EQUIPMENTS AND MATERIALS 
3.1. Materials 
3.1.1. Synthetic Waters 
Synthetic waters were designed to simulate a typical surface 
waters. Three types of water were studied: 
i. Turbid water, turbidity due to suspended mineral matter. 
ii. - Turbid and coloured water, colour due to organic matter. 
iii.- Coloured water. 
i. - Turbid water: This water was prepared by adding kaoline· 
(SPS-grade, English China Clays Limited) to tap water to bring its 
concentration to 100 mg/L, which is of the order of magnitude of 
the suspended solids content of a moderately turbid water. Table 
3.1. shows analysis of the laboratory tap water at times during 
the project. These analyses were provided by the Severn- Trent 
Water Authority. This synthetic turbid water was prepared in an 
open cylindrical stirring tank and was allowed to age for one to 
three days. After ageing the suspensions were found to lie in the 
pH range 8.0 - 8.3, the pH not changing on ageing. Preliminary 
tests showed this to be a suitable pH range for aluminum salts as 
coagulants and no pH adjustment was made. prior to using the 
I 
I 
I 
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TABLE 3.1. 
DATE PH Co1our-DEG Hazen TURBIDITY-FORMAZIN 
27-5-81 7.3 <5 0.23 
1-6-81 7.3 <5 0.26 
8-6-81 7.6 <5 0.24 
15-6-81 7.7 <5 0.23 
22-6-81 7.6 <5 0.23 
29-6-81 7.5 <5 0.34 
~ :-
3-7-81 7.4 <5 0.22 
10-7-81 7.6 <5 0.20 
16-7-81 7.7 <5 0.26 
23-7-81 7.5 <5 0.19 
3-8-81 7.5 <5 0.20 
10-8-81 7.3 <5 0.!6 
17-8-81 7.4 <5 0.26 
24-8-81 7.7 < 5 0.24 
2-9-81 7.4 < 5 0.22 
7-9-81 7.7 <5 0.25 
14-9-81 7.5 <5 0.20 
21-9-81 7.3 <5 0.24 
28-9-81 7.3 <5 0.21 
5-10-81 7.6 <5 0.20 
12-10-81 7.5 <5 0.25 
19-10-81 7.6 <5 0.29 
26-10-81 <5 0.22 
2-11-81 7.5 <5 0.31 
9-11-81 <5 0.21 
16-11-81 7.6 <5 0.28 
------~--------------------------------------------------------
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suspension, it was vigorously agitated with a double propellar 
stirrer, until no settled clay remained on the bottom of the tank. 
It was noted that in this pH range there was no apparent flocculation 
of the clay. 
ii. - Coloured water - due to Humic Acid: Humic substances which 
produce colour in water are a complex mixture of compounds arising 
from the chemical and biological degradation of plant residues 
and from synthetic activities of micro-organisms ( 58 ). An 
important characteristic of humic sUbstances is their ability to 
interact with metal ions and hydrous oxides forming water insoluable 
and water soluble complexes ( 59). Packham( 58 ) has extracted 
humic substances from Thames water and this extract has been used 
in a previous project ( 60) in this laboratory. However, the 
extract was not available in sufficient quantities for the scale 
of the present work and it was suggested by Packham -61 ) that 
a substitute substance for use in these circumstances was Humic Acid -
Sodium Salt - Technical grade (Aldrich Chemical Company Limited). 
The humic acid, which was water soluble, was dissolved in distilled 
and filtered water to give a stock solution of 0.5 mg/L corresponding 
to a colour of 170 HaZen Units (6 2 ) was prepared by dissolving 
5 gm of Humic Acid in 1 liter of water and diluting to 1000 L in the 
stock tank. (fig. 3.7.) is a calibration curve prepared by measuring 
the transmittance of a platinum - Cobalt standard at 420 nm in a 
4 cm path length using a Unicm SP 500 spectro photometer (see sec. 
3.2.5.b.) A similar standard water has been used by Narkis and 
Rebhun ( 63 ). 
- 54 -
The humic acid used was tested according to the classification 
of Packham ( 64), and was found to have the following properties:-
Solubility in NaOH solution yes 
Solubility in HCl solution very slight 
Solubility in Ethanol solution - insoluble from what it may be 
concluded that the material is 
"humic acid". 
iii. - TUrbid and Coloured Water: This was prepared by adding 
both kaolin and humic acid to mains water as described in (i) and 
(ii) above. 
3.1.20 Coagulants 
i. - Aluminium Sulphate: As elsewhere in this thesis aluminum 
sulphate will be referred to for brevity by its common but in-
correct name of ALUM. A stock solution of 1% aluminium sulphate 
was prepared by dissolving technical grade aluminium sulphate AL2 
(S04)3 • 16 H
2
0 in distilled water. Kubota ( 65 ) has shown 
that solutions as concentrated as this do not exhibit significant 
ageing in relation to their use as water coagulants but all solutions 
were discarded after one week as a precaution. Immediately prior 
to use the stock solution was diluted to the working strength which 
-3 
was normally 0.01%, corresponding a molarity of 10 • 
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ii. - Poly Aluminium Chloride - P.A.C. : The P.A.C. used in this 
work was provided by LAPORTE Industries Company Limited ( 66 
who give the chemical composition as: 
AL (OH) Cly where x = 1.35 - 1.65 and y = 3 X 
x 
This material is a ploymeric species with molecular weight of 
several thousands. The product was provided asa solution of the 
above component in water such that the aluminium expressed as 
AL2 03 is 10% w/w. Some properties of this material are further 
discussed in Chapter 4 sec. 4.2.2. However, it is recommended 
by the suppliers instruction that at the concentration provided 
(e.g. 10% w/w) it is completely stable, but that solution of less 
than 3% w/w AL2 03 can only be considered to be stable for up to 
14 days (,66). 
The major application of this reagent are: 
1. Treatment of potable waters. 
2. Treatment of industrial process waters. 
3. Treatment of industrial and municiple effluents. 
4. Sewage sluge conditioning. 
Its advantages in all cases are: 
high coagulating power and ability to produce large size 
flocs which settle and filter rapidly. 
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no pH adjustment necessacywithin this range 6 - 9. 
no auxiliary flocculants normally required. 
floc formation is not significantly affected by low temperatures. 
3.2. Experimental Equipments 
3.2.l.Laboratory Coagulation Test Procedures 
In the laboratory, coagulation procedures are usually tested 
by adding reagents to the water being studied in (typically) a 1-
liter beaker equipped with a mechanical stirring device; 
Coagulation benches, in which a series of stirrers are driven by 
a common motor are commerically available but in most of these 
benches the precise control and changing of stirrer speed is not 
convenient. Packham 67 ) has described a bench equipped with 
two motors, clutches and timers so that the system could be set 
up to stirr at two fixed speeds, a fast one for initial mixing 
and a slow one for flocculation for precisely set time intervals. 
A modified version of this bench was built for these experiments 
in which the two motors and clutches were replaced by one electronically 
speed controlled motor and two timers, so that a test require could 
be set up using any combination of two speeds and two timers. The 
system would operate both manually and automatically. TO aid in 
setting up an electrical tachometer was fitted although for most of 
the work a mechanical tachometer was used. The apparatus is shown 
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in (Fig. 3.1.). It accommodates six one - Liter tall pattern 
beaker and is equipped with paddle stirrer as shown in (Fig. 3.2.) 
The stirring rate can be varied over the range of 0-600 r.p.m. 
within the timer range of o. sec.-6.hrs. The machine is fitted 
with a simple device which enables the coagulant to be added to 
all beakers simultaneously. This consists of a removable rack 
of glass tubes from which the chemicals to be added are tipped 
into the beakers. The beakers are illuminated from beneath by 
a fluorescent lamp. Furtheidesign details can be found elsewhere 
( 67). 
3.2.2. Stirrer Power Calibration 
The most important factor in the design and scale up of 
flocculations is the rate of energy dissipation in agitating the 
fluid. Based on the orthokinetic flocculation theory of Smoluchowski 
( 68 ). Camp and Stein ( 5 I have characterised the rate of 
energy dissipation in terms of the root mean square velocity 
gradient-which they related to the power dissipated. This is 
discussed in more detail in Chapter 2. sec. 
For these experiments it was necessary to calibrate the 
internal dissipation of the stirrer/beaker system as a function 
of rotational speed. Tekippei (70) and some other workers (69) have 
done this by measuring the torque exerted on the beakers. In this 
work however, a calibration curve for the beaker/stirrer was 
fig . 3 . I 
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determined using the Deer Rheometer (Fig. 3.3.) in which a paddle 
in 1.L. beaker was used in place of the usual measuring head. 
This instrument operates under conditions of controlled stress 
i.e., a torque is set and the angular velocity of the motor is 
measured using an electrical tachometer. 
The speed display is given directly in terms of radians 
per second. (Fig. 3.4.) shows a plot of torque versus angular 
"'velocity from which the e~perirnental torque was determined. Table 
3.2. shows the measure torque/speed characteristic of the stirrer/ 
beaker combination used, (Fig. 3.4.) is the corresponding T/speed 
curve and (Fig. 3.5.) is the calculated G/speed curve. The 'bump' 
at the top of the curve was because the plotter was programmed to 
give a splinefit to the points. The bump is of no significance. 
3.2.3. Calculation of Camp Number (Gt) during the experimental work 
According to the Camp and Stein (51 ) theory the mean shear 
rate G in a stirred vessel is related to the torque by: 
G = 
27T NT l:! 
60 \Ill 
where T is the torque in Nm, N - the: stirrer speed in r.p.m., 
V the vessel volume in m3 and jJ the flow viscosity in p.a.s. 
------- ---- --
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TABLE 3.2. 
\~ 
Input Speed N in r.p.m. corresponding Calculated 
N in rad. -1 sec. Torque T in K. 
velocity 
dyne. cm. gradient 
G in sec. -1 
2.04 19.47 .25 7.95 
3.76 35.9 .50 15.27 
5.72 54.60 1.0 26.64 
7.48 71.40 1.5 37.31 
9.0 85.91 2.0 47.26 
11.60 110.73 3.0 65.71 
13.8 131. 73 4.0 82.76 
14.78 141.09 4.5 90.85 
15.72 150.0 5.0 98.74 
16.50 157.51 5.5 106.12 
17.44 166.48 6.0 113.95 
18.08 172.60 6.5 120.76 
18.88 180.23 7.0 124.46 
19.54 186.52 7.5 134.85 
20.18 192.64 8.0 141.54 
21T NT ~ 
G was calculated from = G = 
60 IlV 
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A slow stirred speed flocculation used was 50 r.p.m. 
The corresponding torque from the T/speed graphs is 0. 75 K.dyne. 
Cm, the volume of the suspension was 800 ml, therefore: 
211 x 50·x .75 ~ 
-G = ) 
60 x .800 x .01 
G 22 -1 sec. 
Similarly 170 r.p.m. was used as a high stirred speed for initial 
rapid mixing, the corresponding T is 6.15 K. dyne. Cm. therefore: 
-G = 
G 
211 x 170 x 6.15 
60 x .80 x .01 
-1 120 sec. 
The detension time for slow mixing was 20 minutes 
Gt = 22 x 20 x 60 = 26 x 103 and for rapid speed mixing 
two minutes; Gt = .120 x' 2 x 60 = 15 x 3 10 • 
therefore 
time was 
The normal desing range for Gt is 104 - 105• Gt is known 
as the Camp number which represents the ratio of power induced to 
flow to displacement induced flow - for continuous flow system 
PV)l 
Gt = 
Q 
where Q = is the flow rate. 
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3.2.4. pH Measurements 
The pH changes accompanying coagulant addition were followed 
using a ElL Model 7050 pH meter with an ElL combination electrode, 
having a resolution of 0.02 pH. The electrode system was calibrated 
before each experiment with NBS standard buffer solutiops covering 
the pH range of interest. The initial raw water suspension pH 
was measured every day by taking sample from the reservoir tank 
before each run to'~heck whether any differences were occurring 
due to ageing. pH was measured in each beaker after the settling 
time. 
3.2.5. TUrbidity and Colour Measurement 
- TUrbidity as a characteristic of water quality - Because 
raw water quality is improved by coagulation and flocculation the 
effectiveness of these processes may be determined by measuring 
the reduction in turbidity and colour. These may readly be measured 
by standard optical methods. 
When a water contains suspended fine particles it will appear 
turbid. This turbidity is due to the scattering of light by the 
suspended particles. The theory of the intensity and direction of 
this scattering is very complicated and it is not possible in 
practice to relate the scattering pattern to the particle properties, 
but measurement of tubidity is used as empirical method for 
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measurement of characterising the concentration of suspended matter 
in a water. Two different method of measuring turbidity are used 
in water laboratories. In the Nephelometric method the ratio of 
o light scattered at some angle, as usually 90 is determined with 
respect to the incident intensity. This method is very sensitive 
but if the equipment is not available an alternative procedure is 
to measure the optical density of the suspension by comparing 
the intensity of the light transmitted through the suspension to 
that incident upon it. This is the method used in this work as 
a Nephelometer was not available. 
The measuring equipment is calibrated using a turbid material 
which can be prepared reproducably. A widely used standard is 
Formazin, the preparation and use of which is described in the 
American 71 ) and U.K. 62 ) standard procedures. when 
formazin is used the turbidity is said to be expressed in Formazin 
Turbidity Unit (F.T.U.). Although this procedure is incapable of 
measuring the actual amount of suspended material it does enable 
comparisons of the apparent turbidity to be used. The EPA ( 72 
recommed that potable water has a turbidity of not more than 1 
F.T.U. and that it should not exceed 5 F.T.U. The standard 
procedure recommends that the transmission technique be carried 
out with light of 580 nm wavelength to eliminate interference due 
to colour. Colour is measured by transmission of 420 nm light 
using the Hazen CObalt/Platinum standard solution ( 62 ). 
. , 
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3.2.6. Method for Calibration of Turbidity and Colour Test 
(a) Turbidity - Formazin Standard Method: Formazin suspensions 
were prepared according to the method recommended by the APHA and 
AWWA 73 ). The procedure was: 
i. 10 gm of hexamethylene tetramine, (CH 2) 6 N4 , :·were dissolved 
in distilled water, and diluted to the mark in a 100 -ml 
volumetric flask. This was solution 1 . 
ii. 1 gm of hydrazine sulphate, N2 H4 , H2 S04' was dissolved 
in distilled water and diluted to the mark in a 100 - ml 
volumetric flask. This was solution 2. 
iii. Into a 100 - ml volumetric flask was placed 5 ml of solution 
1 followed by 5 ml of solution 2 and the two were mixed. The 
mixture was allowed to stand for 24 hours at 25 + 30 C. 
iv. The master dispersion was diluted to the mark with distilled 
water and mixed. The turbidity of this dispersion is 400 F.T.U. 
The dispersion and solutions should be prepared monthly. 
v. To prepare a standard turbid suspensions, portions of the 
stock suspension (.e., 400 F.T.U.) was diluted carefully 
with distilled water to give the required turbidities. 
These standards were prepared weekly. Using the formazin 
dispersion described above as the reference standard. Table 3.3. 
shows the measured turbidity obtained from a series of standard 
formazin suspension. (Fig. 3.6.) shows the corresponding calibration 
graph. 
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TABLE 3.3. 
TUrbidity Standard Solution 
F.T.U. 
10 
20 
30 
40 
50 
60 
70 
80 
90. 
100 
Transmission % 
94 
87.5 
82.5 
75 
71 
68 
63.5 
60 
56 
52.5 
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(b) Colour - Hazen Standard 14ethod: Coloured water is usually 
expressed in terms of 'Hazen Unit'. Samples are compared either 
visually or photoelectrically. It should be noted that the hazen 
standard solution was advised as a standard for comparison and 
should not strictly used as a standard for photoelectric deter-
minations, due to the different absorption spectra of hazen and 
'natural colour' solutions.However,thephotometric method been used 
in this work.A Standard solution was prepared as (62): 
. ~." 
i. 1.25 gm potassium chlaroplatinate, K2 Pt C16 , and 1 gm 
cobaltons chloride hexahydrate, CO C12 6 H20, were dissolved 
in distilled water that has been membrane filtered to remove 
any exisitng turbidity. 
ii. 100 - ml hydrochloric acid, SG 1.18, was added and the 
solution was diluted with water to the mark in a 1 - Liter 
volumetric flask to give a solution of 500 hazen - units. 
iii. A series of colour standards was prepared by appropriate 
dilution with water, over the range of 5 to 350 units. 
These were kept in a well - stopped bottles away from light. 
iv. USing the spectro photometer as described in (sec. 3.2.7.b) 
a calibration graph relating optical measurements to hazen 
units has shown in (Fig. 3.7., Table 3.4.) shown the corres-
ponding transmittance. 
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TABLE 3.4. 
Hazen Standard Soltuon Transmission 
Concentration % 
5 99 
10 98 
15 97 
. ~ -~. 20 96 
25 95 
30 94 
35 92.5 
40 91 
45 89 
50 88 
55 86 
60 85 
65 84 
70 83 
75 81 
80 80 
85 79 
90 78 
95 76 
100 75 
110· 74 
120 72 I 
130 70 
140 67 
150 66 
175 62 
200 58 
300 45 
350 39 
- 74 -
3.2.7. Spectrophotometric Measurement of water Quality 
(a) TUrbidity: Turbidity was determined by optical transmission 
using the Formazin standard method. The test procedure was to 
measure the transmission at 580 nm using a UNICAM SP 500 type 2 
spectrophotometer. 
The procedure was: 
L', The photometer was switched and allowed to warm up for 10 
minutes. 
ii. The monochromator was set to 580 nm, the filter set correctly 
and the mode switch to 'Direct Read'. 
iii. The meter was set to zero using the zero control. 
iv.' A 10 mm cuvette was filled with distilled water, and after 
carefully drying the outside was placed in the specimen 
holder in position 1. The photometer shutter was kept 
closed. 
v. The sample to be measured (calimration specimen or unknown) 
was placed in another 10 mm cuvette in position 2. 
vi. The cOVer was closed and with the specimen carriage in 
position 1 the shutter was opened having previously set the 
zero position. 
: '.' 
I . 
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vii. The meter was adjusted to 100% transmission using the 100% 
control and the slit width adjustment. A slit width of 
about 0.06 mm was found suitable •. 
viii. The specimen carriage was then moved to position 2 and the 
transmission noted. 
By doing this with standard formazin dispersion (sec. 3.2.6.a) 
a calibration curve of the type shown in (Fig. 3.6.) was obtained. 
The turbidity in F.T.U.'s of unknown samples as measured using 
the same technique and referring to the calibration curve. 
(~ Curve: Colour was measured using the spectrophotometer in 
a similar way to.that for turbidity. Prior to measurement any 
turbidity in the samples was removed by centrifugation. Measurements 
were carried out at 420 nm using mm path length cuvette. The 
calibration graph (Fig. 3.7.) was obtained using a .hazen platinum 
cobalt solution. (see - sec. 3.2.6.b.) 
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3.3. Experimental Technique 
3.3.1. Initial Mixing - Conventional Jar Test 
To begin the batch test experiments, 5 - L of synthetic raw 
water were collected from the cylindrical tank (prepared as mentioned 
in sec. 3.1.1) with an initial pH of between S.l. to S.3. pH 
vlues were found to remain constant in this range and no further 
, .. ' 
adjustment was made. SOO ml samples were measured into each of the 
beakers. A further 250 ml sample of raw water was taken for initial 
pH, colour and turbidity measurements. The appropriate volumes of 
coagulant were dispensed into the tipping vessels, which were 
placed in the rack mounted on the front of the stirring machine. 
The stirrer was switched on, the speed being set to 170 r.p.m. 
After 1 min, the coagulant was added the tubes quickly rinsed with 
a few milliliters of distilled water and the washings added. One 
minute after the addition of the coagulant the stirring speed was 
reduced to 50 r.p.m. for 20 minutes. After 19 minutes stirring 
the flocs were visually assessed using a chart shown in (Fig. 3.S) 
used by W.R.A. 74 ), so that they could be graded from A to G. 
After·20 minutes of slow stirring the paddles were stopped 
automatically and the samples allowed to settle for 20 minutes, 
after which 10 - ml were carefully taken at a depth of 2.5. cm 
from each beaker. The pH and the turbidity (and colour if 
appropriate) of these samples were determined as described in 
(secs. 3.2.7. a and b) with a direct reading pH meter and a 
spectrophotometer. A calibrated standard graphs were prepared. 
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In coloured water the case of analysis was different from 
the turbid water due to clay only, in that a 25 - ml samples were 
dipped from the beakers to a centrifuge tubes then cetnrifugated 
for 2 min, then samples can be analysed by a spectrophotometer 
using a coloured standard graph in this case. 
3.3.1.1. The Jar Test as a Reference Method 
The conventional jar test was used as the reference method 
against which all other rapid mixing procedures were compared. 
In all tests the flocculation stage was carried out in the jar-
test apparatus. To enable comparison to be made great care was 
taken to ensure that all jar test procedures were carried out under 
identical conditions. 
Three criteria have been used by previous workers: (75, 76) 
for determining the efficiency of coagulation process: 
1. The size of the flocculated particles after addition of the 
coagulant and standard period of agitation. 
2. The time after the addition of the coagulant for the 
appearance of visible flocculated particles. 
3. The turbidity of the supernatant liquid after a standard 
period of stirring and settling. 
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The third method was chosen since it is the least subjective 
of the three and gives a direct index of the degree of clarification 
expected. 
3.3.2. Continuous Flow Experiments 
The stages of the coagulation process indicates that the 
first observable produced by the initial mixing process is a 
primary floc particle. The eventual flocculation of these 
primary particles must reasonably be depend on their properties 
and thus, in turn depend on initial mixing conditions. 
3.3.2.1. Continuous Flow Rapid Mixing 
Experiments were performed in which the only parameter that 
was varied was rapid mixing, accomplished by substituting different 
rapid-mix units into a continuous flow rig. The rapid mixing 
conditions were also varied by adjusting the flow rate. In these 
experiments the slow mixing/flocculationstagewas carried out in 
the same bench apparatus as described in sec. 3.2.1. All of the 
following system parameters were held constant: (100 mg/L kaolin 
and/or 5 mg/L humic acid, coagulant stock solution of 0.01% 
concentration (e.g., alum or polyaluminium chloride), pH of 
- -1 8.1 to 8.3., slow mixing intensity at G = 22 sec. for ,20 
minutes and 20 minutes settling time. 
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The raw water was made up in 1000 Liter tank so that a 
constant input water flow rate would be available for several 
comparative tests. The rates of raw water of coagulant was 
controlled by varying the coagulant flow rate. 
3.3.2.2. General Description of the Apparatus 
The apparatus is shown in (Fig. 3.9). It was designed so 
that different mixing devices could be inserted into the main 
flow line. The main flow line consisted of 10.8"of Q.V.F. 2.54 
cm diameter brase borosilieate glass tubing. The raw test water 
was pumped along this pipe from the 1000 Liter tank by a 
Worthington-Simpson 0.5 H.P. Centrifugal pump capable of 
o 12.5 outputs of over 1000 g.p.h. The flow rate use in the 
experiments was 2.5. g.p.m. (150 g.p.h.) The flow rate was 
controlled by gate valves as discussed in (sec. 3.3.2.3.) below 
and measured by rotameters. The main pipe was in three sections, 
3 m, 6 m, and 1.7 meter long respectively. These sections were 
joined by standard jOints. The reagent was stored in a 22.7 liter 
Q.V.F. vessel and pumped to the injection point by a Worthington-
-Simpson No. 10 1/8 H.P. Centrifugal pump. The pump was capable 
of 120 g.p.h. against heads of 6 meter water. The reagent flow 
. 
rate was contro~led by valve VII and measured by rotameter R2• 
The mixing devices will be considered in more details in 
(sec. 3.3.2.6.) 
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Schematic Design Diagram of the continuous Flow Apparatus 
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3.3.2.3. The Flow Apparatus Designed Calibration 
Samples of fluid downstream of the mixing section were 
obtained by bleeding part of the flow through V7 . In order to 
maintain sufficient"pressure for this flow the main discharge 
stream was partially. throttled by VG. The sample point was 
a standard "T" in the main pipe, 4.5 meter from the addition 
point. It is known that"particle/fluid sampling can be seriously 
affected by inertia effects ( 77). but in the present case these 
were thought to be insignificant as the floc size at the sampling 
point at a maximum detention t~e of one second was considered 
inSignificant and the Reynold number was "~ooa, ensuring a sufficient 
degree of lateral mixing. The_ setting of valves G and 7 was not 
altered during a run. The main flow rate was controlled by VS' 
the pump by pass VI being used to control pumping conditions. 
The reagent flow rate was controlled by VII' VIa being used 
to turn the supply on and off. All adjustments of the reagent 
fl9w rate were made with the rig running at the desired main stream 
flow rates because vatiations in back pressure would alter the 
reagent flow rates. 
In order to maintain a sufficiently wide range of reagent 
flow rates two metric rotameter were used. There were both 
calibrated by closing the main system flow rate, the reagent 
section was disconnected from the whole rig and VII for this deter-
mination to be done. VII' VIa were used to control the flow rate. 
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With the help of a stop watch, the time to fill a measuring 
cylinder up to a certain level was measured while de terming 
the reagent system flow rate. Several readings of the time 
required to fill the.:measuring cylinder were taken. The water 
flow rate corresponding .. to a velocity equal to the reagent velocity 
could now be calculated, and the rotameter was adjusted to give 
the desired flow rate. The calibration graphs are shown in (Figs. 
3.10,3.11). The main flow rotameter was factory calibrated and 
on checking using the above procedure, was found to be correct. 
When set up in the way the main stream and reagent flow rates 
were found to be stable. 
3.3.2.4. Flocculation of Continuous Flow Samples 
To study flocculation of the continuous flow samples, 800 -
ml alquats were placed into 1 - Liter beaker on the bench 
flocculation. There were stirred at 50 r.p.m. for 20 minutes and 
samples removed after a further 20 minutes settling. The analytical 
procedures have been discussed in (sec. 3.2.7.). 
3.3.2.5. Operation of the Rig 
1. With the pumps running and the main by pass adjusted all 
experiments were started with adjustment of the main raw water 
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flow rate, while determining the flow rate the outlet 
valve VG was left half open, the valve connecting the 
reagent tube to the mixing section Vii was kept completely 
closed and the sampling valve V7 was fully opened. 
ii. After running for 5 minutes, two samples were taken from 
the downstream sample point for initial pH, turbidity 
~d colour determinations (see sec. 3.2.7.) 
iiL The reagent having been previously prepared at ,the required 
concentration and placed in its container the pump P2 was 
switched on and the flow rates were adjusted with the in-
line screw valves Vll and V10 to the proper reagent/water 
ratio. 
iv. After 2 minutes two 800 ml volume samples were taken in tall 
liter beakers which were taken to the multipile stirrer 
bench for flocculation tests. 
v; The reagent system flow rate was adjusted and again new 
samples were taken to give another concentratiol1. New 
samples were taken two minutes after the adjustment. 
vi. This procedure was repeated until all required concentrations 
has been used. On completing a series of runs the coagulants 
was discarded daily because at low concentrations used some 
deterioration may have occured. Having shown previously 
that the water was stable for more than one week it would 
be kept if sufficient remained. Otherwise the tank was 
emptied and a new sample of water was prepared readily for 
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the next experiment. As many experiments as possible were 
carried out on the same raw water 'sample. 
vii. Four different mixing devices were used in these experiments 
and these are described in detail in (sec. 3.3.2.6.). 
They were: 
a. High turbulence in-lin mixer 
b. In-line mixer .(,'T' piece) 
c. Continuous flow in Un stirred tank 
d. Continuous flow in a stirred tank. 
A set of runs as described above was carried out using each 
of these mixing devices and cell runs were carried out using both 
aluminium sulfate (alum) and polyaluminium chloride. 
3.3.2.6. Mixing Devices 
Four mixing devices were used during these experiments: 
i. Zig zag mixer: This device (Fig. 3.l2b) was based on a 
sampling valve for hydraulic systems, designed by 
Prosser'Industries Inc. U.S.A. 78 ). The design 
was based upon flow visualisation studies to give maximum 
turbulence with minimum pressure drop. For use as an 
injection valve the direction of flow reversed. The 
device used was made in Perspex and based on original 
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drawings supplied by Prosser. This device, and the 'T' 
piece injector, were placed in the 2.54 cm straight section 
3 meters from VS' the central valve. Under the turbulent 
conditions used this LID ratio of 120 was considered 
sufficient to avoid entrance effects and to prevent 
disturbances in the flow reaching the mixing device. 
IT' piece mixer: This device shown in (Fig. 3.12.a) 
in which the reagent was injected perpendicular to the 
receiving flow stream through the. pipe wall around the previ-
phery. The basic advantage of this device is that it 
minimuzes obstraction of the receiving flow ( 79 ). 
Mixing efficiency of each device will ·be further discussed in 
Chapter 4. 
iii. Continuous Unstirred Tank Device: A 15 gallons rectangular 
plastic tank shown in (Fig. 3.l3a)was used for initial 
mixing. It was provided with a glass pipe connected to one 
side of the tank which was used as an overflow.outlet;·and 
sampling point;. A Stuart-Turner No. 25, 0.5 H.P. centrifugal 
pump was used. for emptying the tank after each reading or 
sampler taken. The raw water entered the tank through 
2.54 cm glass pipe. The rig was connected as shown in 
(Fig. 3.14), so that the-main raw water and reagent streams 
were flowing separately into the tank. VII controlled 
the reagent flow rate, V4 and Vs were used to adjusted the 
main flow rate. Both flow rates should be adjusted to the 
required reading before each sampler. The tank was emptied 
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after the adjustment. Both systems were switched on immediately. 
After S minutes detention period, for 300 ml samples were 
taken in a tall liter beaker to the multiple stirrer bench 
for continuing flocculation stage. 
v. Continuous Stirred Tank: In order to study mixing condition. 
similar to that in water treatment plant. The same plastic 
tank was used (Fig. 3.13.b.) The mixing tank with a 
mechanical stirrer (propeller impeller type). The tank was 
set up on the system as shown in (Fig. 3.14) The system was 
allowed to run for S-to 6 minutes (detension time), before 
any sampler was taken. The volumetric flow rate of the 
suspension and the reagent stream being monitored. The 
sample stream continuously passed through the tank. The 
samplers were collected from the side tank pipe in a tall 
liter beaker to the multiple stirrer for continuing floccula-
tion process~ 
Each of the four types of rapid-mix unit shown in (Fig. 3.12, 
3.13), were tested on a matrix of constant main flow condition 
3 -1 (L,e.O.177 dm sec.l and a wide range of reagent flow conditions, 
these corresponding to main pipe flow rate of Re ~ 9000, at a 
linear velocity of 0.354 m/sec. What ev.er the design of turbulence 
induce it was purposed to creat the maximum turbulence with a 
minimum pressure drop (i.e. as in a zig zag unit). 
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CHAPTER FOUR 
RESULTS AND DISCUSSION 
Effect of Initial Mixing on Coagulation and Flocculation 
4.1. Introduction 
As the objective of this project is to study the influence of 
initial rapid mixing on the amount of reagent required for the effective 
coagulation of turbid and coloured waters. 
Three types of synthetic raw water were studied, these being 
turbid (added kaolin), organic coloured (added humic acid) and turbid 
+ coloured •. A series of jar tests were run for comparison with all 
other rapid mixing experiments. In both the bench - batch scale 
and continuous pilot-plant experiments, the effectivesness of 
coagulation was assessed from the residual turbidity and colour of 
the settled water. 
Three parameters were used to evalualte the results of each 
coagulation experiment. These were an estimate of visible floc forma-
tion against a standard chart, residual turbidity and colour. pH 
measurements were also made to confirm that the coagulation pH had 
been attained. The flocculation stage of the experiments was carried 
out in a bench jar flocculator and each test was carried out using 
a reagent solution concentration of .01% but varying the reagent 
volume. Constant agitation and settling conditions were used during 
the bench flocculation stage. 
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A comparison has been made of the performance of four rapid mix 
reactors in order to illustrate the effect of design features on 
the dose of reagent required for effective coagulation. 
4.2. Conventional Laboratory Jar Test Results 
4.2.1. The Precipitation of Aluminum Hydroxide 
. 
The precipitation of aluminum hydroxide was studied under the 
same conditions used for the coagulation tests except that dispersed 
clay or colour were absent, .and therefore, the coagulation process 
was entirely controlled by the coagulation of aluminum hydroxide. 
The technique used was similar to that used by 80 ) • The method 
was to carry out the normal coagulation procedure in the cell of 
sensitive turbidimeter. The variation of turbidity due to the preci-
pitation by hydrolysis products was recorded. Fig. 4.1. shows that 
relation. 
4.2.2. Effect of Aluminum Sulfate on Coagulation of Turbid Water 
When the final turbidity was plotted against the aluminum sulfate 
concentration as mg/L A1 203 
curves were obtained of the general 
type shown in Fig. 4.2.A. The curves were similar to those obtained 
by Packham ( 81 (Fig. 4 .. 3.). When the coagulant concentration 
is insuffficient to bring about coagulation, there is no reduction 
in turbidity. As the coagulant dose is increased, the turbidity is 
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reduced until, with sufficient coagulant, it has effectively 
disappeared. A relatively small increase in reagent concentration 
was required to bring the system from the state of high to low 
residual turbidity. The time for visible flocs to appear also 
decreased as the reagent dose was increased but systematic measurements 
of the, rate were not made. 
Three regions can be distinguished which are respectively no 
coa gulation, partial coagulation and complete coagulation. In order 
to find the minimum amount of(oagulant required to achieve complete 
coagulation in a given suspension, the corresponding coagulant concent-
ration may be read from the residual turbidity curve. The initial 
turbidity Tto ' is the turbidity of the original suspension and should 
be distinguished from the final turbidity at zero coagulant dose. The 
latter may be appreciably lower than the former since the pH is lower 
and the suspension has under gone a period of settlement. Fig. 4.2.B 
shows the final pH values plotted against coagulant dose D. There 
was a slight decrease of pH due to the formation of 8°4 2- ions. The 
pH values quoted are those corresponding to Tt' 
The absence of turibidity for alum doses >1. mg/L, as shown in 
Fig. 4.2.A. indicates that under these conditions both the ~uspended 
clay and precipitated aluminum salts are removed by sedimentation. 
The letters under the concentration axis of the turbidity plots 
refer to visual assessment of floc size estimated against a standard 
~Ht (74) (see Fig. 3.8) 
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4.2.3. Coagulation of Coloured Water By Alum 
The effect of Alum on 5 mg/L humic acid solution with and without 
initial rapid mixing are shown in Figs. 4.4.A. and 4.4.B. from which 
it can be seen that complete colour removal does not occur. Hall and 
Packham 64 report that in the presence of humic acid aluminum 
humates form a colloidal dispersion that causes residual turbidity. 
This residual colour decreases with increasing alum dosage. An 
immediate difference between these results and those for the clay/water 
system are that the removal of colour due to humic acid does not, 
within the alum concentration range tested, require a critical minimum 
concentration of aluminum salt to be present. Visible floc formation 
occured at2.4mg/L. The colour levels shown i.in Fig, 4.4 .A. were 
measured on samples that had been centrifuged. Without centrifuging 
higher colour concentrations were observed (Fig. 4.4.B). Determination 
of solubility of alum (see Fig. 4.1.) shows that the maximum colour 
removal is produced at precisely the optimum coagulant dosage required 
for complete precipitation, but not necessarily for good coagulation. 
As the alum dose is increased further, coagulation of the reaction 
product can be removed by settling. There is no further reduction 
in colour as the coagulant dose is increased beyond4.2 mg/L, but a 
significant amount of this colour may be removed by centrifuging. 
The presence of centrifugable colour is evidence of either colour 
adsorption onto precipitated aluminum hydroxide or the presnece of an 
insoluble aluminum humate substances complex. For some of this substance 
to be capable of being removed by centrifuging but not by gravity 
sedimentation implies that the precipitate is very fine and colloidaly 
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stable compared with the alum/clay/water system in the absence of 
humate which gives complete clarification by sedimentation. The presence 
of some residual colour after centrifuging implies either that there 
are still very fine complex particles present or that the humic aCid, 
which is a complicated mixture of materials, has components that do not 
react with the aluminum slufate hydrolysis products. 
There appears to be a slight effect due to initial rapid mixing 
conditions in the coaqulation of coloured water, especially at low 
coagulant doese (Fig. 4.4.A). 
4.2.4. Effect of Alum on Turbid + Coloured Water Coagulation 
The coagulation of a clay suspension by alum in the presence 
of humic acid as colour is shown in Figs. 4.5.A and 4.5.B. These 
figures also show the coagulation curves for clay and colour with 
and without initial rapid mixing. 
In the presence of humic substance :the concentration of alum 
required to give complete clarification due to presence of clay occurs 
at higher alum concentrations than for clay in the absence of organic 
colour. The colour removal is, as previously noted in the case of 
colour alone, not complete although the alum concentration used is 
sufficient to reduce the turbidity to nil in the same system. In the 
case of colour alone (Fig. 4.4.A.) there is only slight removal until 
about.9 mg/L alum are added, in the case of colour + clay, a major 
portion of the colour has been removed at this point. 
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This may be due to chemical reactions between the clay and humic 
substance ( 63) For a dose of about ~. mg/L, depending on whether 
the material was rapidly mixed or not, there is a complete removal of 
turbidity and over the range of alum concentrations tested no evidence 
of any restabilization. 
In the alum/water system it has been shown (see Fig. 4.1.) that 
no aluminum hydroxide is precipitated at concentration <.9 mg/L and 
this is consistent with published solubility data for aluminum ion 
hydrolysis products, where as if the model of Packham and Hall for 
the humic acid/aluminum system is considered there may already be aluminum 
humate complex formation. Fig. 4.5.B. does show a reduction colour at 
these concentrations~ 
When considering the effect of rapid mixing .it can be seen from 
both Figs. 4.5.A. and 4.5.B. that it has some slight effect on the 
efficiency of colour and turbidity removal in that slightly larger 
doses of alum are required for both colour, turbidity removal and that 
with colour the ultimate removal level is greater in the presence of 
rapid mixing. 
4.2.5. The Effects of Polyaluminum Chloride (P.A.C.) On Turbid Water 
Coagulation 
The coagulation of clay suspension by polyaluminum chloride is 
shown in Fig. 4.6.A. in which the final residual trubidity Tt is plotted 
against the P.A.C. dose in mg/L as A120 3 . Fig. 4.6.B. shows the measured 
pH values corresponding to the Tt values in Fig. 4.6.A. The coagulation 
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curve was of the same general form as the coagulation curves of clay 
dispersions by alum. These curves show that P.A.C. is a more effective 
coagulant for removing turbidity due to clay than alum. In general 
the concentrations of both coagulants needed under laboratory conditions 
are significantly lower than that the amount considered necessary for 
practical use in treatment plant. The minimum alum concentration 
recommended by Packham ( 82) is7.5 mg/L where as the current work 
shows 134 -1.5, mg/L for alum and 25. - 3. mg/L for P.A.C. to be 
sufficient to remove clay turbidity. 
It was noted that the size of floc formed with P.A.C. was much 
larger than those formed in the presence of alum althoygh theitime for 
visible floc formation was much less with P.A.C. than with alum. 
Fig. 4.6. B shows how the final pH decreases with increasing 
P.A.C. concentrations. Practically it was found that the water is less 
acid after P.A.C. treatment than the same water would be after alum 
treatment. 
It is known that coagulation by P.A.C. is less dependant on pH. 
than with alum (66 ). At very low dosages over the concentration range 
examined P.A.C. does not show the existence of a critical minimum 
coagulation in the way that alum does; and partical coagulation was 
noted at 0.25 mg/L AlP3. 
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4.2.6. Coagulation of Coloured Water by P.A.C. 
Results of tests made using a solution of 5. mg/L humic acid 
coagulated by polyaluminum chloride are shown in Fig. 4.7. The 
residual colour decreases as the P.A.C. concentration increases, even 
at concentrations as low as 0.1 - 0.75 mg/L P.A.C. The turbidity 
produced can be removed by centrifuging. Beyond doeses of 9 mg/L 
P.A.C. no further colour removal occurs and nearly all the colour 
may be removed by centrifuging. A colour concentration of 10 H.C.U. 
(Hazen Colour Unit) corresponds to a transmission of 99% under the 
condition used and was considered to be limit of sensitivity in the 
measurement. 
Comparing Fig. 4.7. to Fig. 4.4., shows that in both cases higer 
reagent doses were needed for colour removal either by P.A.C. or by 
alum, than were needed for removing clay alone or clay + colour. 
Generally, P.A.C. enhances the coagulation of turbidity and organic 
colour and the present results show that P.A.C. forms a very stable 
floes and is more effective at colour removal than alum. Sonitheimer, 
83 has explained this by pointing out that an alum precipitate 
contains sulphate ions, which inibit the removal of organic colour by 
precipitation. 
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4.2.7. Coagulation of Turbid + Coloured Water by P.A.C. 
The results of coagulation experiments with solutions containing 
5. mg/L humic acid together with 100 mg/L kaolin , are illustrated 
in Fig. 4.8.A. and 4.8.B. 
Comparing the results for colour alone it is apparent that the 
presence of the clay has little effect on the removal of humic acid 
but that on the other hand the presence of humic acid increases the 
required coagulant dose for clay removal and it has been suggested 
that this is due to the lowering of pH by humic acid. As noted 
previously in discussing the effect of alum, the effect of P.A.C. on 
colour removal are apparent at lower concentrations than the effect on 
turbidity removal. 
Centrifuging showed colour removal down to the detection limit 
and 5.5 mg/L. These results show P.A.C. enhances coagulation of colour 
+ turbidity at very low doses as shown by comparison of figures 4.6.A, 
4.7.B., 4.2.A. and 4.5.B. The first two show the effect of P.A.C. on 
coagulation of pure clay and clay + colour, wh~ch are similar, while the 
other two are showing the coagulation of pure clay and clay + colour 
by alum These results suggest that organic colour and turbidity 
are removed in the coagulation processes by alum or P.A.C. by different 
mechanisms. Another difference noted in the course of the experiments 
was that the flocs formed by alum were invariably smaller and slower 
settling than those formed by P.A.C. in the coagulation of clay and 
clay + colour. Some of the principal characteristics of coagulation by 
alum are summarized in table 4.1. by 64 ) . 
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TABLE 4.1. 
Characteristics of Coagulation of Dilute Clay suspensions and Humic 
Substances with Alum by Hall & Packham. 
Dilute Clay Suspension 
Optimum pH 6.5-7.5 
Minimum residual turbidity 
independent on pH 
Humic Substances 
Optimum pH 5-6 
Minimum residual turbidity 
dependence on pH, 
( .. " 
Increase concentration slightly 
reduces coagulant dose, 
Increased concentration increases 
coagulation dose 
Doses and optimum pH changed 
in presence of humic substances 
Doses and optimum pH independent 
of presence of clay 
Unfortunately similar results are not available for P.A.C. However, 
it's main virtue is faster flocculation and the production of a larger 
tougher floc. The reasons for this performance have not been determined 
yet. 
The results obtained by (Packham & Sheiham) 28 ) 
P.A.C. are similar in fact to those using aluminium sulphate in 
combination with a polyelectrolyte. 
with 
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4.2.8. Effects of P.A.C. Solution Concentration 
It has been shown in laboratory tests by Kaumura (55 ) that the 
efficiency of alum as a coagulant depends on the concentration of the 
solution added and it was suggested that this be measured when the 
optimum dosage for any application is being determined. A 10% solution 
typical of plant use, was found to flocculate less successfully than as 
1% solutions. Although the S"tructure of P.A.C. is not fully known ( 28 
it is a partially hydrolysed aluminium chloride with some sulphate present 
were carried out to see whether this showed the same concentration 
dependence as alum, although these tests were carried out over a lower 
concentration range. 
As series of jar test experiment were conducted, using a kaolin 
to produce a turbid water. The polyaluminium chloride was made up into 
four solution concentrations of 0.01,0.05,0.1 and 0.5 % (as A1 20 3). 
Each test was carried out over a wide range of P.A.C. dosage 
using a constant agitation speed and settling time. Some results are 
shown in Fig. 4.9. Residual turbidities were measured over range 
starting with a minimum dose of P.A.C. concentration as 0.01 mg/L and 
gradually increasing until complete clarification was obtained. 
The tests were conducted using .01% P.A.C. Fig. 4.9 showed the 
results of similar epxeriments at .05, 0.1 and 0.5 % of P.A.C. The 
results indicate that the difference between the lowest and the highest 
residual turbidity was variable and generally disappeared as the amount 
of P.A.C. used increased. Although, the highest stock solution concen-
ration used was only 0.5% of P.A.C. there was a slight decrease in the 
0 
* 
CJ 
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effectiveness of turbidity removal with respect to lower concentrations. 
However, within the limited number of tests performed, it was 
observed that no significant difference was present. 
(55 ) 
The differences observed by Kaumura Were almost certainly due to 
the less effective rapid mixing at the higher reagent concentrations. 
4.3. Initial. Rapid Mixing - Continuous Flow Results 
A study of the effects of initial rapid mixing design on the 
minimum amount of reagent required for effective clarification under 
continuous flow system has been undertaken. 
Four continuous flow mixing devices are shown in Fig. 4.10, were 
considered:-
I In-line tabular mixer - Unit No. 1 
11 In-line tabular zig zag mixer - Unit No. 2 
III Unstirred continuous flow mixing tank - Unit No. 3 
IV Continuous stirred tank - Unit No. 4 
4.3.1. Effects of Flow Rate Variation 
Continuous flow experiments using an in-line zig zag turbulence 
inducing device were carried out at different flow rates, using a 
clay suspension with P.A.C. as coagulant. The flow rates used were 
10.7, 21.4 and 32.1. L/min as a main flow rate. The coagulant 
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concentration was· adjusted by varying the flow rate through the 
injection nozzle • 
. The results plotted a.s P.A.C. dosage verus residual turbidity 
are shown in Fig. 4.11. No difference in minimum coagulation concentration 
was noted over the range of flow rates shown from which it may be 
deduced that the required concentration is either independent of mixing 
conditions or that mixing is equally efficacious in all cases. 
The minimum concentrations were also found to be similar to these in 
bench tests inspite of the difference in scale. 
4.3.2. Effect of Different Mixing Devices On The Minimum Coagulation 
Concentration 
Six different systems were studied using the continuous flow 
apparatus, clay/alum, colour/alum colour + clay/alum, clay/p.A.C., 
colour/P.A.C. and coloud + clay/P.A.C. 
Four initial mixing devices were used with the standard jar test 
procedure for the flocculation stage. 
Fig. 4.12. shows results obtained for the rapid mix unit No. 2. 
with the clay/alum systems. This figure may be compared with fig. 4.2.A ..• 
Which shows data for the same system using. jar test mixing. The 
mixing processes in those devices will be further discussed in sec. 
4.4. 
It is seen that the results are very similar inspite of differences 
in mixing conditions and residence time. In the continuous flow 
experiments the turbulence could be considered to be reasonably 
1:. 
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homogenous at a short distance from the injection point (see fig. 4.20 
whereas in a sitrred there would be a significant velocity gradient 
variation from point to point. 
The results shown in fig. 4.13. were obtained with the colour/ 
alum system using three continuous flow devices at the same flow rate 
of 10.7 L/min. It can be seen from this figure that. the minimum amount 
of reagent required for complete colour removal is practically the 
Siille far all mixing devices used. However, it can be Seen that unit No. 3 
gives somewhate different results in the range1.5 ~ concentration ~ 
4.5 mg/Lthe difference disappearing at hgiher coagulant concentrations. 
The similar results obtained using the two in line mixing devices, 
No. land 2 could be due to similar mixing effects in both or an insensiti-
vity of the amount of reagent required to the mixing conditions. Compared 
Figs. 4.13 and 4.4.A, in which colour/alum system results are plotted 
for continuous flow and jar test epxeriments, it is noted that the jar 
test mixing system shows beter clarification at coagulant concentraion 
less than the minimum reagent dose for complete colour removal. This 
is different to the finding for the clay/alum system. 
Continuous flow data obtained using units No. 2 and 3 for a colour 
+ clay/alum system are shown in Fig. 4.l4.A. in which the suspensionss 
had been centrifuged and Fig. 4.14.B. in which they had not. Considering 
Fig. 4.14.A. Unit No. 3 shows a higher residual turbidity than unit No.2 
would using the same alum dose. The differnce in behaviour is more 
marked at low coalgulant doses. Comparison of Fig. 4.14.A. and Fig. 
4.5.A. which are data from experiments using colour + turbidity/alum, 
it can be seen that the jar test mixer is more effect at coagulant 
- 124 -
RESIDUAL COLOUR In H.C.U; 
11 
12 
10 
8 
6 
o 
2 
COLOUR ONLY 
FIGURE 4.13 
Continuous flow Q = 10.7 L/min 
5.0 mg/L Humic acid 
.01% ALUM 
* Rapid mix by Unit No. 3. 
o Rapid mix by unit No. 2. 
a Rapid mix by unit No. 1. 
. -1 
SlO\. mix G = 50 sec 
The suspensions have been centrifuged 
u 
0~ ____ ~~ ______ ~ ______ -, ________ .-______ .-______ ~ 
, 
o 1 2 3 4 5 6 
- 125 -
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concentration below the minimum amount required for complete 
clarification. The effects gradually decrea.se as the amount of 
caogulant added is increased. Similar effects may be seen by 
comparing Figs. 4.14.B. and 4.5.B. it can be seen that for alum 
concentration ofL}.4mg/L the continuous flow devices are less 
effective with respect to clarification than the jar test for a corres-
ponding alum concentration. However, considering the same figures, 
it is seen that there is no effect of different rapid mixing condition 
on the minimum amount of alum required for effective turbidity removal. 
Since it has already been shown in this chapter (section 4.2.) 
that colour and turbidity are removed in water treatment in different 
mechanisms, the present results confirm this difference. 
The effect of applied P.A.C. concentration on the final residual 
turbidity in a continuous flow systems at constant flow rate of 10.4 
L/min, using different mxing devices has been studied. 
Fig. 4.15. shows a results for the clay/P.A.C. system using the 
zig zag unit No. 2. This result is similar to that discussed 
previously (section 4.2.5.) for the clay/P.A.C. system in a jar test 
apparatus. Comparison with Fig. 4.6.A. leads to the conclusion that 
the amount of P.A.C. required for complete coagulation is very similar 
despite the different mixing conditions. 
Results of continuous experiments forcolouqP.A.C. system using 
three different initial mixing devices, units No. 1, 2 and 3 respectively, 
are shown in Fig. 4.16. The minimum concentration of P.A.C. required 
for complete colour removal was found to be constant for all three devices. 
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However, unit No. 3 shows higher residual colour at 3 mg/L P.A.C. 
It should be noted that units No.l and '2 give identical results 
with respect to clarification. 
Similar results were obtained when the same units were used for 
the colour/alum system. These may be compared to Fig. 4.7. for the 
same data in the stirred jar system. It may be seen that continuous 
flow experiments show similar or even better colour removal than those 
performed in a jar test mixer. This is opposite to the finding for 
the colour/alum system. The difference could be due to different 
mechanisms between P.A.C. and alum with respect to removal of colour. 
The mode of action of P.A.C. and alum will be further discussed in 
section 4.4. 
Clarification data for continuous flow experiments for the colour 
+ clay/P.A.C. system are shown in Figs. 4.l4.A and 4.l7.B. in which 
the suspensions had centrifuged and had been not. Since in other 
experiments units (2)/(Zig Zag in-line) and (3) (unstirred tank) had 
shown significantly different results it was decided to limit consideration 
to those devices in studying the effect of mixing conditions on colour 
and clay removal with P.A.C. 
It can be seen from Fig. 4.17'.A, that the zigzag unit shows better 
performance with respect, to centrifuged samples i.e, colour only, than 
unit No. 3 with respect to colour removal over the whole concentration 
range. Comparison with Fig. 4.8. A. which shows jar test data for 
the same system shows that the jar test gives similar to in-line zig 
zag mixer and significantly different to the badly mixed tank. Those 
figures show that P.A.C. is effective at concentration as low as 1 mg/L 
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which confirmed the results obtained previously. Considering 
fig. 4.17 B. for the same system where the samples have not been centri-
fuged and the optical density is almost entirely due to turbidity, it 
is seen that both units 2 and 3 give approximately similar results 
throughout the range of P.A.C. concentration used during the experiments. 
Fig. 17.B. might be compared to Fig. 4.8. B. in which mixing is 
performed in stirred jars. The jar tests give slightly better results 
than the continuous flow mixing devices for clay clarification. 
Generally these results suggest that colour removal in both 
coloured and coloured + turbid water by P.A.C. is not effect by mixing 
condition., Since results using continuous flow devices show better clari-
fication than the jar test, whilst in the same system data 'obtained 
without centrifugation i.e., due to the suspended clay concentration, 
show better clarification than do the continuous flow mixing devices. 
4.3.3. Rapid Mix units Efficiency 
To compare the efficiency of the rapid mix units used in this work 
and the jar tester, a few experiments were carried out using alum at 
fixed dose of 6. mg/L at constant concentration of .05%, with clay 
suspension of 100 mg/L kaolin. A Hach turbidimeter was used in this 
case and the results were plotted, after Vrale and Jorden ( 12 ), 
as a reaction time during a slow mixing against the reciprocal of the 
residual turbidity. Applying the criterion chosen for the efficiency 
of rapid mixing by 84 )which was; the apparent aggregation rate 
Kapp of the particles in a slow reactor or flocculator, where : 
= 
1 
T 
o 
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+ Kapp t 
Tt = suppernatant turbidity of time t of flocculation 
T = influent turbidity 
o 
The results obtained from these tests are illustrated in (Fig. 
4.18, Table 4.2.), from which it may be concluded with respect to 
difference of flocculation that: 
1. Unit No. 2 gave the best results since its efficiency reached 
a peak (i.e. the highest rate of aggregation with this unit 
-1 
was 0.052 min ) 
2. The results obtained for unit No. 3, the unstirred tank showed 
that this gave the worstfor the clay/alum/water system. For 
unit 4, while rapid mixing with a hydrolzing metal, (considering 
that the same tank as unit 3) but fitted with a stirred the 
efficiently was virtually the same. 
3. The rate of aggregation showed by the jar test was slightly 
less than unit No. 2 but it was more efficient that units 3 and 
4. A drop in efficiency was noted when the jar tester was 
used without critical mixing, but it was still more efficient 
than unit 3 and 4. 
For the above it is evident that a turbulent flow in line reactor, 
such as the zig zag unit 2 might be expected to give the best results 
when hydrolyzing metal coagulants are used. 
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FIGURE 4.18 
100 mg/L Kaolin 
6.0mg/L ALUM·- constant 
o 2 min rapid mix G = 120 sec-1 
-1 tJ No rapid mix only slow mix G = 50 sec 
* Rapid mix in zig zag unit No. 2. 
n Rapid mix in stirring tank unit No. 4. 
V Rapid mix in tank only Unit No. 3. 
0~~~-r--~-'---r--'-~---r--r-~--~--r-~--,,--' 
o 2 4 6 8 10 12 1 4 16 18 20 22 24 26 28 30 
REACTION TIME Min. 
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TABLE 4.2. 
Initial Mixing Device Kapp Alum Concentration mg/L 
Continuous flow in a 0.032 6.0 
-
stirred tank 
Continuous flow in an 0.030 6.0 
unstirred tank 
, 
Jar Test without rapid 
0.044 6.0 
mixing 
Conventional Jar Test 0.0516 6.0 
High Turbulence - 0.052 6.0 
Zig Zag pipe 
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From Fig. 4.18 it is evident that for units 3 and 4, the 
efficiencies of those units were significantly less. 
It would appear, therefore, that there are further factors 
to be considered other than the average veloc ity gradients since 
flocculation effectivenss of unit 2 and the jar test were similar 
although at different calculated mean velocity gradients. The 
calculation of G for the jar tester was given in chapter three section 
2:3. from which the mean velocity gradient for rapid mixing stage 
-1 is equal to 120 sec whilst, the average velocity gradients G in a 
continuous flow system has estimated from the turbulence theory 
equations as follows; 
for 1. 2.43 cm diameter pipe D 
2. 0.177 x" 10-3 m3 sec -1 flow rate q, 
3. 0.354 m/sec velocity V 
The power input P in N/m2, by this type of mixer can be calculated from; 
P q p 
where q = flow rate from the main tank (cm/sec) 
~Hf = total head less (m) 
p 3 = density of water (Kgm/m ) 
Applying pressure drop equation: 
= 
4.1. 
4.2. 
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From fluid dynamic Renold Number is: 
V D P 
R = \l 
e 
\l = 
Therefore: 
Re 
= 
viscosity of the fluid = 10-3 
.354 x -2 (2.54 x'.lO ) 
-3 10 
3 
x 10 
.• -! For R 1000 for a smooth pipe either: 
e 
f = 0.04 
R 1.94 
e 
N. sec/m2 
or f = .002 (from the graph of friction pipe versus R) ( 85 
e 
for L = 10D 
= 
Hf 
p 
= 
= 
= 
2 x .002 x (10 x 2.45 x 10-2) ~ (.354)2 x 103 
9.81 x (2.54 x 10-2) 
.493 W/m 2 
(§!f 
-3 
.493 x 10 m 
P 
q UHf) P 
3 -3 -3 
= 10 x (.49 x 10 ) x (.177 x 10 ) 
-4 -2 
= .86 x 10 N m 
from Camp equation 
G 
G 
= 
p )" 
V 
4.3. 
.86 x 10-4 
= ( -'--:3"'--":''::::-2~:''''=:~-----=2- ) '" 8.4 
10- (5xl0 xl0) x 2.45xl0 
-1 
sec 
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This number is very small and the effectiveness of rapid mixing 
cannot be predicted solely by the mean velocity gradient concept. 
However, efficient clarification was obtained in the continuous flow 
system from, which it might be conclusded that the scale and intensity 
of the turbulence at the point of coagulant addition probably has 
more significance than the mean velocity gradient through the addition 
device .. 
Using the same procedure as ( 12 ) at reagent concentrations of, 
6,omg/L anclO.8mg/L in jar test and zig zag unit for clay/alum system, 
the results obtained are shown in fig. 4.19, table 4.3. The jar' test 
results show higher rate of aggregation (Kapp) at higher concentration 
(lO,8mg/L) while the continuous zig zag·results show a lowere rate of 
aggregation at higher reagent concentration, which could be due to 
less effective rapid mixing at high concentrations. 
TABLE 4.3. 
Initial Mixing Device Kapp Alum Concentrations -mg/L 
Conventional Jar Test 0.051 6.0 
High turbulence Zig 0.052 6.0 
Zag pipe 
Conventional Jar Test 0.058 10.8 
High turbulence Zig 
Zag pipe 0.035 
10,8 
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FIGURE 4.19 
~ 2 min rapid mix G = 120 sec-1 
DlO.8mg/L ALUM 
16 0 6.0 mg/L ALUM 
* Rapid mix in zig zag unit 
14 1O.8;mg/L ALUH 
6.0 'mg/L ALUl1 
12 
10 
8 
6 
4 
2 
0+-~~-r--~-.--~.--'--'---'--'-~---·~~--'---'--' 
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REACTION TIME Min. 
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4.4. General Discussion 
The effectiveness of initial mixing may not be detectable when 
the quality of raw water is fairly good (55). Even though there 
may be sufficient coagulant and the flocculation reactor has an 
adequate detention time, the quality of initial mixing may become 
apparent. When the turbidity and colour of the raw water are relatively 
high. 
When carrying out coalgulation tests in the laboratory it was 
found that complete removal of suspended solids was attainable by a 
particular combination of coagulant concentration and pH. 
If the same pH and minimum effective coagulant concentration are used 
on actual plant it is often found that complete sOlids removal is not 
attained because of incomplete destabilisation of the suspended solids. 
These diferences between jar tests and plant perfor.uance are almost 
certainly due to differences in the initial mixing conditions. In 
a well conducted jar test homogenisation is probably achieved more 
rapidly than in a conventional plant flash mixer. 
Results obtained in this work only strictly apply to the system 
under investigations. They show that for aluminium compounds the 
amount of coagulant required for effective. particle and colour removal 
is independent of the effectiveness of initial mixing whereas it is 
known ( 12, 45) that more effective mixing may have signficant effects 
on the rate of coagulating by hydrolysing aluminum salts when they 
are used in excess. 
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Table 4.2. shows the results of experimental work performed with 
different continuous mixing devices and bench -jar tests, from which 
it may be noted that when the initial mixing was carried out in a 
mixing tank, these minimum coagulation ·concentrations were not 
significantly affected'by whether arnot the stirrer was operating. 
This may be due to the fact that the turbulence induced by the main 
flow was sufficient to provide the required mixing environments; 
or thtt.is the quality of settled water is little effected by the mixing 
intensity, and/or the residence time in the tank, which was about 
six minutes, was long enough for reasonable dispersion to take place 
prior to destabilization. 
However, when alum concentrations below the minimum were used 
the unstirred tank (unit No. 3) gave less effective treatment than the 
in - line mixers and jar test. 
The low efficiency of the mixing tank reactor is probably caused by 
a combination of a short circuting of flow and poor mxing due to mass 
rotation of water instead of turbulence and eddy formation. 
In the case· of an adsorntive mechanism of destabilization using metal 
coagulants" a poorly mixed tank may be undeirable for the following 
reasons: 
a) loss of readily adsorbed transient hydrolysis products 
by complete conversion to Al (OH)3 before an apportunity 
for adsorption has occured. 
b) loss of contactt apportunity between the hydrol¥sing:. 
species and the particles due to short circuiting. 
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What is needed is for the same metal hydroxide species to be 
avaialbe to all particles. It has been suggested that ( 88 a 
plug flow type of rapid mixer will be seen to approach this situation 
most completely, since, all elements of liquid within it will 
theoretically have the same retention time. 
Further more the in-line tubular zig zag mixing device which is 
shown in figure 4.20. appears to increase clarification efficiency. 
This type of device was used for the first time in this work as a 
rapid mixer. It waS designed 78 ) to be used as a sampling device 
with a reversed direction of flow. It has the advantage of being 
.creating a small head loss and may be more economical compated with 
the usual flash mixer. Commonly used in water treatment plant. 
In order to understand more clearly what was happening in the 
continuous flow mixing device some photographs were taken uder the 
experimental flow conditions using a dye tracer. This zig zag device 
was used at two different main flow rates, 10.7 L/min, 21.4 L/min 
respectively, and figs. 20b, C. show the same differences in mixing. 
It has been shown by Akers and Stenhouse ( 87 ), that this device 
contains interacting vorties which change with flow rate. 
A slightly better mixing occurs at the higher flow rate the 
residence time is less. The residence time was calculated for a 
flow rate equal to 21.4 L/min when the velocity is apprOXimately 0.6 m/sec. 
for a 2.54 cm diameter pipe. For fig. 4.20 C, the mixingn is nearly 
complete at the end of the zig zag which is at about 5 cm from the 
injection point, therefore, the residence time to complete is equal 
to about 0.8 sec. or less than a second which may be compared with 
- 14 4 -
A 
B 
C 
FIGURE 4 . 20 
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the recent discuss i on of «awamura (5')and(12 , 46) which suggested 
that the shorter the residence time the better the dispersion of 
the coagulant hydr olysis species when adsorption - mechanisms are 
predominate . 
v/hen the " T" price mixing device (unit No . 1) which is shown 
in fig. 4 . 21 , is used as a mixing device , an eff i c i ent results was 
obtained. Since , i t provides a good dispersion a t a moderate degree 
of shear compared wi th flash mixers . However , when this device i s 
compared to the zig zag mixer for mixing operation atthe same flow 
rates , figs . 4 . 21 b and C, show that longer residence time was needed 
for n"ar.hy complete mixing to occur . The photogr aphs were taken under 
the same conditions i . e . 10. 7 L/min (th normal flow rate used throush 
out the epxerimental work) . By me a suring the distance from the 
injection nozzle to the estimated point of homogeneity , it was found 
to be 35 . cm , givi ng a residence time of 1 . 16 sec , at 10. 76 L/min flow 
rate . Similarly when 21 . 4 L/min flow rate was used homogeneity was 
estimated at 20 cm which at a 0 . 6 m/sec . veloicity is equivalent to 
0.44 sec . Fr om t his it may be concluded that at high flow rates 
almost in stan t anious mixing t akes p l ace due to a l owe r residence t i me 
and more t urbulence . 
It was found generally that initial rapid mixing conditions 
have no significant effect on the minimum concentration of aluminium 
compounds coagulati on . This lends further support to the existence 
of the twin mechanisms of sweep coagulation and mutual coagulation 
with positively charged 1\1 (01'1)3 (s ) as possible mechanisms . 
A 
B 
C 
FIGURE 4 . 21 
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Similar results were obtained by 50 ) which suggestes 
that high _ intensity rapid mixing does make a significant difference 
to the quality of the settled water produced only for a specific 
region of the alum staiblity diagram (in the adsoprtion- destabilization 
zones). This validates the hypotheses deduced from the kinetics of 
the coagulation mechanisms. Under condition where sweep coagulation 
predominates, there is little difference between effects due to 
mixing intensities. 
Black and Chen ( 89 found that with alum applied to 
kaolin suspensions at pH 8.0 the destalibization mechanism with 
increasing coagulant dosage is a gradual transition from adsorption 
of positively changed hydrolysis species to precipitate enmeshment 
with AL (OH)3 species. Fig. 4.22 shows a solubility diagram of 
Al (Ill) in water on which is plotted the concentrations of Alum and 
P.A.C. used in this work. The experimental results confirm the general 
existence of the coa'gulation mechanism show in this figure. 
o 2 
Al ( ) 5+ 
13 OH 34 
Al7 (OH)4+ 
17 
4 6 
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FIGURE 4.22 
Al (OH) 4 
o P.A.C. Concentration 
X ALUM Concentration 
10 
2+ 
Al(OH) 
12 
mixing water pH 
Stability - Coagulation diagram for" Al(III) in water 
14 
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CHAPTER FIVE 
CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
5.1. CONCLUSIONS 
(1) In a batch conventional jar test system, the minimum coagulant 
concentrations required to reduce to a minimum turbid and 
colour in water clarification were significantly less than those 
normally used in water treatment plant. 
(2) In a bench-scale system, the initial rapid mixing has no effect 
on the minimum amount of eoagulantreagent required for colour 
and turbidity removal. However, below that concentration the 
initial mixing has a slight effect on the residual colour 
removal. 
(3) In a batch - system, the reagent concentrations required for 
colour + turbidity removal are more than those required for 
colour alone and about three times more. than that needed for 
turbidity alone. 
(4) In a continuous - flow system with a different devices inducing 
turbulence for initial rapid mixing, the minimum reagent 
concentration of P.A.C. and alum required for colour and turbidity 
clarification are relatively similar to those found by batch-
system inspite of the difference in scale and mixing conditions 
(5) An in line tubular zig zag mixing of device was found to be an 
efficient initial mixing more economical than the usual flash 
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mixer normally used in water treatment plant with less head loss. 
(6) The presence of clay in coloured water under the coagulation 
conditions used in this work, improves colour removal at coagulant 
concentration less than the critical. 
5.2. Suggestions for further work 
Searches of the literature of rapid mixing efficacy on water 
clarification carried out during this work revealed many gaps in our under-
standing of the fundamentals concerned. This is due to the complexity 
of turbulence in mixing and to the difficulties of studying the 
effect of rapid mixing on the fine particles from a chemically complex 
system. To extend the present work to be of value in practical water 
clarification operations where coa gulants and other organic and 
inorganic materials may be present it would be useful to investigate:-
(1) The kinetics of coa gulation in a natural raw water in a mixed 
suspension mixed product. 
(2) To use a turbidimeter more sensitive than the one used in this 
work. 
(3) The effect of temperature, pH and other operating variables on 
the kinetics of turbii! coloured water clarification at 
different mixing conditions. 
(4) Using the power number, Reynold's number and Froude number for 
the mixing design rather than the velocity gradient G value. 
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(5 Measuring the concentration fluctuation rates in pipes at 
different rapid mixing devices. For 
of mixing conditions. 
specific character1sing 
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ERRATA 
p.x Ly for 'this' read 'that' 
p.iii L9 for Formazin read Hazen 
p.5 L5 for Borwnian read Brownian 
p.9 L23 for stalbe read stable 
p.19 Ll for Briding read Bridging 
p.19 L14 for Briding read Bridging 
p.2l LS for colliodal read colloidal 
p.24 LIO for decreases read increases 
p.24 L22 for hydradyzed read hydrolyzed 
p.27 L21 for oeers read occurs 
p.44 L2 for Inful read Infull 
p.49 L2 for flask read flash 
p.64 L13 for desing read design 
p.67 Ll9 for reconuned read recommend 
p.?5 L13 for mm read 40 mm 
p.S9 Lll for minimuzes read minimizes 
p.lO? L2 for particle read partial 
p.lO? L2 for coagal. read coagul. 
p.109 L20 for .partical read partial 
p.1l5 L9 for coagulation read coagulant 
p.llS L12 for tabular read tubular 
p.llS L13 for tabular read tubular 
p.1l9 L5 for Tubler read Tubular 
'. p.120 L14 for coloud read coloured 
p.123 L16 for beter read better 
p.139 L4 for conclusded read concluded 
, . 
p.142 L16 for rnxing read mix.:Lng 
p.x Ly for 'this' read Ithat' 
p.142 L16 for circuting read circuiting 
p.142 L19 for, undeirable read undesirable 
p.143 Lll for compated read compared 
p.143 L19 for uder read under 
p.145 L5 for price read piece 
p.x Ly for aluminum read alwninium 

